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ABSTRACT 
 In recent years, Spin Seebeck effect (SSE) emerges as one of the efficient and easiest 
ways to generate pure spin current for spintronics devices. In this dissertation, we have 
systematically studied the SSE and related phenomena like spin Hall magneto-resistance (SMR), 
anomalous Nernst effect (ANE) in functional magnetic oxides for both fundamental 
understanding of their origins and practical ways to apply into technological devices. The 
research has been performed on three different systems of topical interest: (i) Y3Fe5O12 (YIG)/Pt 
and YIG/C60/Pt, (ii) CoFe2O4 (CFO)/Pt and CFO/C60/Pt, and (iii) Nd0.6Sr0.4MnO3 (NSMO). 
 In case of the YIG/Pt structure, we have achieved a new consensus regarding the 
temperature dependence of the longitudinal SSE (LSSE). For the first time, we have 
demonstrated the temperature dependence of LSSE in association with the magnetocrystalline 
anisotropy (HK) and surface perpendicular magnetic anisotropy field (HKS) of YIG in the same 
YIG/Pt system. We show that on lowering temperature, the sharp drop in LSSE signal (VLSSE) 
and the sudden increases in HK and HKS at ~175 K are associated with the spin reorientation due 
to single ion anisotropy of Fe2+ ions. The VLSSE peak at ~75 K is attributed to the HKS and MS 
(saturation magnetization) whose peaks also occur at the same temperature. The effects of 
surface and bulk magnetic anisotropies are corroborated with those of thermally excited magnon 
number and magnon propagation length to satisfactorily explain the temperature dependence of 
LSSE in the Pt/YIG system. 
 As a new way to reduce conductivity mismatch, promote spin transport, and tune the spin 
mixing conductance (G) at the YIG/Pt interface, we have deposited an organic semiconductor 
ix 
 
(OSC), C60, between ferrimagnetic material (FM) and Pt. Transverse susceptibility study on 
YIG/C60/Pt has shown that the deposition of C60 has reduced HKS at the surface of YIG 
significantly, due to the hybridization between the dz
2
 orbital in Fe and C atoms,
 leading to the 
overall increase in spin moments and G and consequently the LSSE. Upon lowering temperature 
from 300 K, we have observed an exponential increase in LSSE at low temperature (a ~800% 
increment at 150 K) in this system, which is attributed to the exponential increase in the spin 
diffusion length of C60 at low temperature. On the other hand, similar experiments on CoFe2O4 
(CFO)/C60/Pt show a reduction in the LSSE signal at room temperature, due to the hybridization 
between the dz
2
 orbital in Co and C atoms that results in the increased magnetic anisotropy. Upon 
decreasing the temperature below 150 K, we have interestingly observed that LSSE signal from 
CFO/C60/Pt exceeds that of CFO/Pt and increases remarkably with temperature. This finding 
confirms the important role played by the spin diffusion length of C60 in enhancing the LSSE. 
 A systematic study of SMR, SSE, and HKS on the YIG/Pt system using the same YIG 
single crystal has revealed a low-temperature peak at the same temperature (~75 K) for all the 
phenomena. Given the distinct origins of the SSE and SMR, our observation points to the 
difference in spin states between the bulk and surface of YIG as the main reason for such a low-
temperature peak, and suggests that the ‘magnon phonon drag’ theory developed to explain the 
temperature-dependent SSE behavior should be adjusted to include this important effect.  
 SSE and ANE studies on NSMO films have revealed the dominance of ANE over SSE in 
this class of perovskite-structured materials. The substrate-dependent study of the films shows 
that compressive strain developed due to the large lattice mismatch from LAO gives rise to the 
enhanced ANE signal. On the same substrate, ANE signal strength increases as the thickness 
increases. A sign change in ANE has been observed at a particular temperature, which explains 
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that the Anomalous Hall effect (AHE) and ANE in these systems arise due to intrinsic scattering 
mechanisms. 
 Overall, we have performed the SSE and related studies on the three important classes of 
functional magnetic oxide materials. We demonstrate the important role of magnetic anisotropy 
in manipulating the SSE in these systems. With this knowledge, we have been able to design the 
novel YIG/C60/Pt and CFO/C60/Pt heterostructures that exhibit the giant SSEs. The organic 
semiconductor C60 has been explored for the first time as a means of controlling pure spin 
current in inorganic magnetic oxide/metal heterostructures, paving the way for future spintronic 
materials and devices.   
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CHAPTER 1. INTRODUCTION 
1.1 Overview 
In 1924, Wolfgang Pauli proposed the idea of doubling electron states in a non-classical 
way, which established the groundwork for the development of ‘Spin’ concept [1]. It is 
essentially an angular momentum carried by elementary particles like electron or magnons. The 
basic foundation that Pauli put forward through Pauli matrices giving a way to the theoretical 
establishment of Spintronics [2]. In 1971, Mikhail D’yakonov and Vladimir Perel predicated 
Spin Hall Effect (SHE) as an experimental way of realizing spin current [3,4]. However, the 
exploration of the field of ‘spintronics’ begins with the discovery of giant magnetoresistance 
(GMR) by the two different groups of Peter Grünberg and Albert Fert at the same time, who 
eventually won the Nobel prize in 2007 [5]. These pioneering works have led to the exponential 
increases in data storage capabilities. 
Spintronics is defined as the area where charge and spin degree of freedom are coupled 
together in a system. Properties of the spin of the charge carriers in the material are exploited to 
achieve fascinating technological advancements in the last couple of decades especially in 
magnetic memories and sensors [2,6]. Overview of the development of spintronic areas over last 
few decades are represented in Figure 1.1. One of the aims of the spintronics is to replace 
conventional electronics and thus overcome the current limitation in the miniaturization of 
technologies. In order to achieve that, spintronics devices are required to generate pure spin 
current. One possibility of that is by combining the thermoelectric effect with spin degrees of 
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freedom in a suitable material. This prospect for the generation of spin current by thermal 
excitations has been collectively established as an area of spin caloritronics in recent years [7,8]. 
 
Figure 1.1 Overview of the spintronic effects  [6] 
 
This fascinating research area was inspired with the observation spin Seebeck effect (SSE) in 
ferromagnetic metal, NiFe in 2008 [9]. Initially this effect is just thought of as the spin 
equivalent of the classical Seebeck effect. But the later discovery of SSE in a ferrimagnetic 
insulator Y3Fe5O12 (YIG) has directed us to the different origin of the phenomenon [10]. Now it 
is objectively established that the main reason for SSE is magnons rather than electrons as 
observed in a classical Seebeck system [11]. Over the last 10 years, our understanding of this 
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phenomenon has improved significantly. Nevertheless, there are still so many important and 
unanswered questions before reaching technological applications [12].  
1.2 Objectives 
Since its first observation, SSE has been of great interest but under constant debate 
regarding its origin and possible contamination from other thermoelectric or thermomagnetic 
effects. Low-temperature peak observed around 75 K in the temperature dependence of SSE in 
YIG has challenged all existing theories [13]. A clear understanding of the origin of this 
mysterious peak and the effect of magnetic anisotropy in YIG may pave a pathway for designing 
materials with enhanced SSE. One of the grant challenges in realizing technological devices 
using SSE is the very small magnitude of SSE signal which falls in general into the nano voltage 
range. One needs to look into different approaches through which the SSE signal can be 
improved in technologically important materials. The second most important challenge in 
advancing to the device stage is the presence of other spurious thermoelectric effects such as 
Anomalous Nernst effect (ANE) which results in the contamination of SSE [14]. By 
systematically studying ANE and its influence on SSE, we will be able to differentiate SSE from 
ANE, allowing for the development of spintronic devices solely based on the SSE. This Ph.D. 
dissertation aims to address some of these challenging issues through systematic studies of the 
SSE and its association with magnetic and electrical parameters, as well as the recently 
discovered spin Hall magneto-resistance (SMR) effect in a wide range of functional oxide 
materials. The specific objectives include: 
i. Gaining a thorough understanding of the physical origin of SSE, including its 
temperature dependence and relationship with magnetic anisotropy in Y3Fe5O12 
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(YIG)/Pt structures, where YIG is either a single crystal or a thin film. Effects of 
reduced dimensionality on the magnetic anisotropy and SSE and their relationship 
in the YIG/Pt structures will also be studied. 
ii. Developing new approaches for improving the SSE in FM/Pt (FM = YIG, CoFe2O4 
(CFO)) by controllably adding thin layers of an organic molecule (C60) between 
the layers. The addition of such an organic semiconducting layer with long spin 
diffusion length is expected to not only promote a large number of spins injecting 
through the interface but also improve the spin conductance mismatch between the 
FM and Pt, thus improving the SSE;  
iii. Simultaneous existence of SHE and inverse spin Hall Effect (ISHE) in same 
meatal has leads to a new type of magneto-resistance called spin Hall magneto-
resistance (SMR) [15,16]. However, a clear consensus regarding the low 
temperature behavior and its correlation with SSE is lacking. Effect of magnetic 
anisotropy on the SMR in YIG/Pt has also been unexplored yet and will thus be 
studied thoroughly;   
iv. Unraveling the coexisting nature of SSE and ANE in manganese oxides, such as 
Nd0.6Sr0.4MnO3 (NSMO) thin films epitaxially grown on SrTiO3 (STO) and 
LaAlO3 (LAO) substrates, where effects of reduced dimensionality and strain 
induced by the substrates on the SSE and ANE will also be studied systematically; 
1.3 Outline of the dissertation 
 Chapter 1 presents an introduction to the proposed research, the objectives, and 
organization of the dissertation work.  
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 Chapter 2 explains the fundamental aspects of important spintronic effects in the context 
of this dissertation. After briefing the very basic magnetic interactions in solid, this chapter 
introduces the concepts of magnon and exchange spin current. Together with, we explain the 
SHE and ISHE and how these effects have led to the discovery of Spin Hall magnetoresistance 
(SMR). A brief introduction to spin caloritronics giving importance to SSE is also presented in 
this chapter. A variety of different materials studied in this dissertation is reviewed with a focus 
on its crystal structure, magnetic and electrical properties. 
 Chapter 3 presents the experimental methods used for establishing the results of this 
dissertation. This includes sample fabrication techniques using pulsed laser deposition (PLD) and 
sputtering and sample characterization using X-Ray diffraction (XRD), Atomic Force 
microscopy (AFM), Scaning Electron microscopy (SEM), Physical property measurement 
system (PPMS), Vibrating Sample magnetometer (VSM) and unique Transverse susceptibility 
(TS) technique. Finally, we describe and explain the custom build cryogenic probe station for 
spin caloritronics measurements especially SSE and SMR. 
 Chapter 4 presents the SSE measurements on YIG single crystal samples in a cryogenic 
probe station. The temperature dependence of SSE along with temperature dependence of 
surface and bulk magnetic anisotropy probed by TS has been investigated systematically. The 
correlation between SSE and magnetic anisotropy has been established for the first time, 
allowing us to elucidate the presence of an interesting low temperature peak in YIG/Pt system 
(~75 K) in the temperature dependence of SSE. 
 Chapter 5 presents a new approach for improving the SSE signal. Here we introduced a 
thin layer of organic semiconductor (OSC) C60 between YIG and Pt and studied the SSE signal. 
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This has shown an interesting increase in the SSE signal at room temperature and a dramatic 
800% increase at low temperatures. We have carried out TS studies on these samples and 
propose a possible explanation for the increase of the SSE signal in the context of magnetic 
anisotropy and the increased spin diffusion length of C60 at low temperatures. 
 Chapter 6 presents the SSE measurements on an insulating ferrimagnet, Cobalt ferrite 
(CFO), with large saturation magnetization and magnetic anisotropy. The temperature 
dependence has been studied systematically. We have also introduced a thin layer of C60 between 
CFO and Pt and studied the SSE behavior. Although the SSE signal in CFO/C60/Pt structure is 
lower at room temperature compared to the CFO/Pt system, it exceeded and increased 
exponentially at temperatures below 150 K. This behavior can be explained by the temperature 
dependence of the spin diffusion length of C60. The SMR behavior of both systems at room 
temperature is also reported. 
 Chapter 7 presents the results of our studies on SMR and ANE associated with the SSE. 
In the first part, we have studied the temperature dependence of SMR in the YIG/ Pt system. We 
have performed all SSE, SMR and anisotropy experiments on the same YIG sample and have 
revealed their crucial correlation. In the second part, we have studied the SSE and ANE in 
NSMO thin films of various thicknesses grown epitaxially on different substrates. We have 
observed an interesting sign change in the temperature dependence of ANE, giving hints towards 
the origin of ANE. Substrate and thickness dependences of ANE have also been elucidated in 
this chapter. 
 Chapter 8 summarizes the main results of this dissertation and points out possible future 
directions in this spincaloric research field. 
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CHAPTER 2. THEORETICAL BACKGROUNDS 
 The Spin Seebeck effect (SSE) and its related phenomena are primarily originated and 
influenced by different magnetic interactions, magnetic lattice characteristics, thermoelectric 
properties etc. Before proceeding with the experimental details, we briefly introduce the 
essential interactions and spin dynamics in a ferromagnetic material and its crucial spintronics 
phenomena. 
2.1 Magnetic interactions 
 Magnetism as a quantum mechanical phenomenon (and its properties) arises from 
different interactions, whether it is a dipole-dipole interaction (classical picture), spin-spin 
interaction or spin-orbit interaction. The simplest magnetic interaction is of dipolar type. 
Depending on the separation between two magnetic dipoles, the dipole energy can be calculated 
assuming a constant magnetic moment as [1] 
 𝐸 =
𝜇0
4𝜋𝑟3
[𝑚1. 𝑚2 −
3
𝑟2
(𝑚1. 𝒓)(𝑚2. 𝒓)], 
2.1 
where 𝑚1 and 𝑚2 represent two magnetic moments separated by a distance, r. In general, these 
interactions are too weak to create any long range order except at near zero Kelvin temperature. 
2.1.1 Exchange interaction in solids 
 The primary origin of long-range order in a ferromagnetic material is the exchange 
interaction or spin-spin interaction. According to the Pauli-exclusion principle, two half-integer 
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spin particles cannot occupy the same quantum state at the simultaneously. This leads to an 
antisymmetric total wave function when two electrons are exchanged. Now the variation 
between a singlet state (S = 0) and a triplet state (S = 1) results in exchange constant or 
exchange integral, 
                                                                                   𝐽 =
𝐸𝑠−𝐸𝑇
2
   , 2.2 
where 𝐸𝑠 and 𝐸𝑇 are the energies of the singlet and triplet states, respectively. The Heisenberg 
Hamiltonian for such a coupling can be written as 
 𝐻 = −Σ𝑖,𝑗𝐽𝑖𝑗𝑆𝑖. 𝑆𝑗. 2.3 
Ferromagnetic or antiferromagnetic coupling in a solid is determined by the sign of J. 
Ferromagnetic coupling (or antiferromagnetic coupling), which is the parallel (or antiparallel) 
alignment of spins, occurs when J > 0 (or J < 0). Depending on the exact mechanism behind the 
exchange, it may be classified as a direct exchange, super exchange, RKKY interaction or 
double exchange. 
2.1.2 Spin-orbit interaction 
 The most important magnetic interaction in the context of this thesis is the spin-orbit 
interaction (SOI). The theory of SOI is derived from the relativistic theory when electron spin 
interacts with its motion. In a semi-classical picture, when an electron is orbiting around a 
nucleus in an atom, in the rest frame of the electron, the nucleus rotates around the electron. In 
that respect, the nucleus acts as a moving charge, thus producing a magnetic field B, 
 𝐵 =
𝐸×𝑣
𝑐2
, 2.4 
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where v is the velocity of the nucleus and E is the radially-directed electric field generated at the 
position of the electron, with 
 𝐸 = −
𝒓
𝑟
dV(r)
dr
. 2.5 
Now the total spin-orbit Hamiltonian is given by the interaction of magnetic field and electron 
spin, 
 𝐻𝑠𝑜 =
𝑒ℏ2
2𝑚𝑒𝑐2𝑟
𝑑𝑉(𝑟)
𝑑𝑟
 𝑆. 𝐿,       2.6 
where L is the orbital angular momentum and S is the spin angular momentum. Such an 
electromagnetic interaction directly results in the shift of an electron’s atomic energy levels. 
Most of the spintronic phenomena such as anisotropic magnetoresistance (AMR), giant 
magnetoresistance (GMR), spin Hall effect (SHE), anomalous Hall effect (AHE), and 
anomalous Nernst effect (ANE) are a direct consequence of SOI. 
2.2 Spin current 
 The orbital motion of an electron around the nucleus gives rise to the orbital angular 
momentum. The orbital angular momentum can be quantified as 
 𝐿 = √𝑙(𝑙 + 1) ħ , 2.7 
 where ħ is Planck’s constant and 𝑙 is the angular momentum quantum number. At the same 
time, the electron possesses an intrinsic angular momentum which gives rise to an intrinsic 
angular moment, or spin. The spin quantum number, S, can take the value of n/2 where n is a 
non-negative integer. The flow of electrons, which constitutes electric or charge current, Jc, is 
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the addition of both spin-up and spin-down electrons. In general, spin current, Js can be 
described as spin fluxes caused by electrical or thermal forces. Spin current is expressed as 
 𝑆 =
ℏ
2𝑒
(𝐽↑ − 𝐽↓), 2.8 
where 𝐽↑ and 𝐽↓ are the sum of up and down spin charge current densities, respectively. In a 
broad sense, spin current can be divided into different sections. When we have spin up and spin 
down electron imbalance within a material, this will result in spin-polarized charge current [2]. 
In this case, Js is accompanied by Jc. Spin-polarized current mainly occurs in ferromagnetic 
metals. Half-metallicity (conductor for spin up (or spin down) and insulator for a spin down (or 
spin up)) is observed primarily in ferromagnetic oxides and Heusler alloys. Figure 2.1 shows a 
schematic representation of the energy levels for the spin-polarized band structure in a 
ferromagnetic metal.  
 
Figure 2.1 Band structure for a spin-polarized material.  
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µ in the figure represents the constant electrochemical potential at thermal equilibrium. 
However, µ may be different for spin up and spin down electrons, leading to two (separate) 
transport channels, (respectively) for both. Figure 2.2 represents the spin diffusion across 
FM/NM interface derived from the continuity equation. By considering classical analogs of 
charge current, we can arrive at a continuity equation for spin angular momentum: 
 
Figure 2.2 Electrochemical potential difference for both spin up and spin down electrons [3]. 
 
 𝑑𝑀
𝑑𝑡
= −𝑑𝑖𝑣 𝐽𝑠 , 
2.9 
 where M is the total magnetization and 𝐽𝑠 is the spin current density. This is analogous to the 
classical continuity equation 
𝑑𝜌
𝑑𝑡
= −𝑑𝑖𝑣 𝐽𝑐, where 𝐽𝑐 is the charge current density and 𝜌 is the 
charge density. But unlike charge, spin is not a conserved quantity. This would result in an 
additional term in the continuity equation: 
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 𝑑𝑀
𝑑𝑡
= −𝑑𝑖𝑣 𝐽𝑠 + 𝑇 ,           
2.10 
where T comes from the spin relaxation, which leads to non-conservation. Assuming the 
equilibrium condition, we can arrive at the spin diffusion equation, 
 ∇2(𝜇↑ − 𝜇↓) =
1
𝜆2
(𝜇↑ − 𝜇↓), 2.11 
where the spin diffusion length 𝜆 =√𝐷𝜏. Here, D is the spin averaged diffusion constant and 𝜏 is 
the spin flip time. 
Another type of spin current is ‘pure spin current’. In this case, the spin current is not 
accompanied by a charge current. Pure spin current can be thought of as an equal number of 
spin up and spin down electrons moving in opposite direction. In that case, an effective angular 
momentum is transferred while the net charge transfer is zero. An alternative way of creating 
pure spin current is via magnons in a ferromagnetic insulator [4]. Since magnons are 
quasiparticles which can transfer angular momentum by magnetic perturbation, in absence of 
conduction electrons, they are ideal for pure spin current experiments.  
2.3 Magnons (Spin waves) and Magnonic spin current 
 Among the quasi-particles, phonons are the collective excitation of the crystal lattice in a 
condensed matter system. It is a quantized form of lattice waves. Similarly, in the magnetic 
lattice, collective excitations are referred to as spin waves. The quantized form of spin waves is 
called magnons. In other words, they are spin-1 quasiparticles which obey a Bose-Einstein 
distribution. Figure 2.3 shows the one-dimensional propagation of magnons. Depending on the 
wave length of magnons, it could be originated due to exchange interaction (short wavelength) or 
dipole interaction (long wavelength). 
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Figure 2.3 Schematic representation of one-dimensional propagation of spin waves 
 
Magnon spin current is the reason for the SSE signal in ferromagnetic insulators, in which free 
electrons are absent [4,5]. Since (SSE occurs on short length-scales) the length scale in SSE is 
short, current SSE models are based only on exchange-mediated magnon spin current.   
2.3.1 Concepts of exchange spin current and spin wave formalism. 
 For a single isolated spin magnetic moment, the dynamics can be described by the 
Landau-Lifshitz equation, 
 𝑑𝑀
𝑑𝑡
= −𝛾𝑀 × 𝐻, 2.12 
where M is the magnetization, H is the external magnetic field, and γ is the gyromagnetic ratio. 
The interaction of spins with conduction electrons or lattice vibrations will result in a gradual 
damping of the precession, leading to the alignment of spins to the external magnetic field. 
Hence, a damping term, called Gilbert damping, is added to equation 2.12.: 
 
𝐷 = −
𝛼
𝑀
𝑀 ×
𝑑𝑀
𝑑𝑡
 
2.13 
Thus, Eqn. 2.12 becomes,   
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 𝑑𝑀
𝑑𝑡
= −𝛾𝑀 × 𝐻 + 
𝛼
𝑀
𝑀 ×
𝑑𝑀
𝑑𝑡
. 2.14 
This equation is called the Landau-Lifshitz-Gilbert equation.  
In a ferromagnetic material, spins interact via the exchange interaction. The Heisenberg 
Hamiltonian for a ferromagnet can be expressed as, 
 𝐸𝑖 = −2𝑗 ∑𝑠𝑖. 𝑠𝑗 , 2.15 
where 𝑠𝑖 is the spin operator of an atom in i
th position and J is the exchange integral. The sign of 
this exchange integral, J, determines whether the interaction is ferromagnetic or 
antiferromagnetic. The LLG equation can be further modified by considering the magnetic 
exchange interaction such that [5,6], 
 𝜕
𝜕𝑡
𝑀(𝑟) = −𝑑𝑖𝑣[𝐴𝛾𝑀(𝑟) × ∇𝑀(𝑟)] +
𝛼
𝑚
𝑀(𝑟) ×
𝜕
𝜕𝑡
𝑀(𝑟).   
 
2.16 
By neglecting the Gilbert term, equation 2.16 can be simplified to 
                                                               
𝜕𝑀
𝜕𝑡
= −𝑑𝑖𝑣 𝐽𝑠,                                                    2.17 
which takes the form of the continuity equation. Here, 𝐽𝑠 is defined as the exchange spin current, 
 𝐽𝑠 = 𝐴𝛾𝑀 × ∇𝑀, 2.18 
where A is the spin stiffness constant. In a ferromagnet, neighboring spins are coupled by exchange 
interaction, thus any perturbation felt by one spin (e.g. changes in precession frequency) will be 
propagated to the adjacent spins with a phase shift. Such propagation of collective excitation is 
called spin-wave spin current. Figure 2.4 (a) and (b) illustrates the difference between spin current 
using conduction electron and magnons, respectively. 
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Figure 2.4 (a) Schematic representation of spin current carried by conduction electrons  
and (b) spin waves 
 
As established in [6] and [7], by considering spin wave magnetic excitation, the LLG equation 
can be rewritten as 
 𝜕
𝜕𝑡
𝑀(𝑟, 𝑡) = 𝛾𝐻 ×𝑀(𝑟, 𝑡) −
𝐷
ℏ𝑀𝑠
𝑀 × ∇2𝑀(𝑟, 𝑡) +
𝛼
𝑀𝑠
𝑀(𝑟, 𝑡)
𝜕
𝜕𝑡
𝑀(𝑟, 𝑡). 
 
      2.19 
Similar to equation 2.17, by neglecting the Gilbert term we can rewrite 2.19 as 
 𝜕
𝜕𝑡
𝑀(𝑟, 𝑡) = 𝛾𝐻 ×𝑀(𝑟, 𝑡) − 𝐷. 𝐽𝑠𝑣(𝑟, 𝑡), 2.20 
where D is the exchange stiffness constant and 𝐽𝑠𝑣 is the definition of spin wave spin current. 
2.4 Spin Hall effect and Inverse spin Hall effect 
The main spintronic phenomena used heavily in both SSE and SMR measurements 
throughout this thesis are Spin Hall effect (SHE) and Inverse spin Hall effect (ISHE). Schematic 
representations of these effects are illustrated in Fig. 2.5.  
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Figure 2.5 Schematic representations of (a) Spin Hall effect and (b) Inverse Spin Hall effect in a 
strongly spin-orbit coupled metal.  
SHE is the phenomenon by which a flow of pure spin current is polarized perpendicularly 
to both the spin and charge current plane as an electric current is passing through the material 
with strong spin-orbit coupling. The Onsager reciprocity of SHE, which can convert spin 
current to charge current, is termed as ISHE [8,9]. Although theoretically predicted in 1971 
[10], the first experimental observation was achieved in 2004 [11,12]. Since then, SHE remains 
as the fundamental pillar for spintronics research. SHE, in theory, is similar to that of 
anomalous Hall effect (AHE), but the main difference is that SHE does not require broken time-
reversal symmetry (magnetic field). The physical mechanisms behind AHE, SHE and ISHE can 
be considered intrinsic or extrinsic depending on how external impurities are playing a role. 
b) a) 
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Intrinsic mechanism: In case of a perfect crystal, the intrinsic contribution of spin Hall 
conductivity depends only on the spin-dependent band structure. In a simple picture, it 
originates from the Bloch wave function in momentum space (due to Berry curvature).     
Extrinsic mechanism: The extrinsic contribution is mainly dominant in metals and 
semiconductors since this contribution depends on the excitation at Fermi level. It can be further 
classified into the skew scattering and side jump mechanisms. In the first case, when a spin 
carrying particle is scattered from impurities in the presence of strong spin-orbit coupling, the 
scattering cross section depends on the scattering angle and sign of spin and orbital angular 
momenta. Hence, depending on the state of the spin angular momentum, electrons will be 
scattered to left or right, resulting in a potential. In the case of the side jump mechanism, where 
the scattering with impurities occurs again in the presence of strong spin-orbit coupling, it may 
result in a transverse shift of charge-carrying particle. Schematic representations of both the 
skew scattering and side jump mechanisms are given in Figure 2.6. 
 
 
 
  
Figure 2.6 Schematic representation of a) intrinsic mechanism; b) Skew scattering; and c) side 
jump mechanism of spin Hall effect and Inverse spin Hall effect. Adapted from [13]. 
(b) (a) (c) 
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A term called spin Hall angle 𝜃𝑠ℎ is introduced in order to estimate the charge to spin 
conversion (or spin to charge) which occurs when a longitudinal charge current passes through 
the material.  The spin Hall angle is defined as 
 𝑡𝑎𝑛 𝜃𝑠ℎ =
𝜎𝑆𝑥𝑦
𝜎𝑥𝑥
, 2.21 
where 𝜎𝑆𝑥𝑦 is the spin Hall conductivity and 𝜎𝑥𝑥 is the longitudinal charge conductivity. Since 
we heavily used ISHE for converting spin current to charge current in SSE, the converted 
charge current can be obtained using 
 𝐽𝑐 =
𝜃𝑠ℎ2𝑒
ħ
 𝐽𝑠 × 𝜎,  2.22 
where 𝜎 is the polarization vector. 
2.5 Spin Hall magneto-resistance (SMR) 
 As described above, SHE converts charge current (Jc) to spin current (Js) and ISHE 
converts Js to Jc. The simultaneous coexistence of SHE and ISHE in a highly spin-orbit coupled 
material leads to a new type of magneto-resistance called spin Hall magneto-resistance (SMR) 
[14]. The case is schematically represented in Fig. 2.7. When Jc passes through a metal with 
high spin-orbit coupling (in most cases Pt), Jc is converted into a spin current flow Js via SHE, 
where 𝜎 is parallel to surface. Now when this spin current reaches the surface it is reflected 
back into the material. During this back flow, it is again converted into charge current Jc by 
ISHE. This charge current is now added to the original flow of charge current. Although this 
additional current was always present in a resistance measurement, the recent understating of 
SHE has made it possible to measure accurately. 
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When a ferromagnetic insulator, such as YIG, is attached to Pt as in Fig. 2.7, the 
backflow of the spin current from the interface is controlled by the magnetization state. When 𝜎 
is parallel to magnetization M in YIG, backflow of Js is at maximum. But as the angle between 
them changes, portion of the spin current is being absorbed as spin transfer torque in YIG. 
 
Figure 2.7 Illustration of flow and accumulation of spins in YIG and Pt when (a) magnetization 
is parallel to spin polarization; (b) Magnetization is perpendicular to spin polarization; and c) 
illustration of spin accumulation in Pt due to spin Hall effect.  Adapted from [14]. 
Hence, resistance R becomes maximum when 𝜎 is perpendicular to M and minimum when 𝜎 is 
parallel to M. A typical change in resistance Δ𝑅 for the YIG/Pt structure, when an angle 
between the magnetic field H and charge current Jc is 90
0, is plotted in Fig. 2.8.  
The SMR can be quantified using the equation, 
 𝜌𝑥𝑥 = 𝜌 + 𝜌0 + Δ𝜌1(1 − 𝑚𝑦
2), 2.23 
where 𝜌 is the bulk resistivity of the metal and my is the component M.  
 Δρ
ρ
= −
θ𝑆𝐻
2 2𝜆
𝑑
tanh
𝑑
2𝜆
 , 
2.24 
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Δρ1
ρ
≈
θ𝑆𝐻
2 𝜆
𝑑
 2𝜆𝐺𝑟
𝑡𝑎𝑛ℎ2 (
𝑑
2𝜆)
𝜎 + 2𝜆𝐺𝑟 coth
𝑑
𝑁
  , 
 
2.25 
where 𝜃𝑆𝐻 is the spin Hall angle, 𝜆 is the spin diffusion length, N is the metal thickness and Gr is 
the real part of spin mixing conductance G. 
 
Figure 2.8 Magneto-resistance when the angle between magnetic field (H) and charge current 
(Jc) in Pt, α, is 900 b) Magnetization versus magnetic field, M Vs H, for the YIG film at 300 K. 
Adapted from [14]. 
SMR is different from other types of resistive effects like anisotropic magneto-resistance 
(AMR), giant magneto-resistance (GMR) in terms of physical origin and measurement protocol. 
While the angle between magnetization (M) and charge current determines the magnitude of 
resistance in AMR, SMR changes as the angle between M and spin polarization, 𝜎. SMR was 
23 
 
previously doubted to be the cause of the resistance change due to the AMR effect in Pt; Pt is on 
the verge of a ferromagnetic instability (stoner instability) when in contact with a ferromagnetic 
material. But the persistence of SMR, even in presence of an intermediate layer between YIG 
and Pt, has confirmed that it is not a spurious effect and it has tremendous possibilities in both 
the fundamental understanding of spin correlations in many complicated systems, as well as 
future technological applications  
2.6 Spin caloritronics 
The area of spintronics has developed over the last three decades as the study of coupled 
spin and charge transport (Fig. 2.9). Recent enhancement in thermoelectric measurements has 
led us to look into the coupling between spin and heat transport, which now becomes a vital 
subfield in spintronics, dubbed as spin caloritronics [2,15]. 
 
Figure 2.9 Schematic illustration of degree of freedom in spin caloritronics and spintronics 
            The field has gained momentum with the observation of SSE in ferromagnetic metals 
[16]. Since then, so many other effects have been proposed and observed like magneto Seebeck 
effect [17], spin Peltier effect [18], spin-dependent Seebeck effect [19], spin-dependent Peltier 
effect [20], spin Nernst effect, etc. [21]. In the following section, we will introduce important 
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thermal properties and spin caloritronic phenomena. Since a comprehensive description of the 
aforementioned effects is beyond the scope of this dissertation, we will discuss the important 
effects which will help in understanding the experimental results in the following chapters. 
 
Figure 2.10 classification of thermoelectric and thermomagnetic effects (modified from Ref. 2). 
           The thermoelectric effect represents a phenomenon which couples charge and heat 
transfer in a material, while the thermomagnetic phenomenon depends on heat and magnetic 
properties of the material. In general, all thermal properties can be divided into two categories 
based on spin dependence. Spin-independent properties include Seebeck effect, Peltier effect, 
Thomson effect, Nernst effect etc., while spin-dependent effects include SSE, SDSE, spin 
Peltier effect, magneto Seebeck effect, anomalous Nernst effect (ANE), planar Nernst effect 
(PNE), etc. A general classification of all the main effects is listed in Figure 2.10. 
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2.6.1 Spin-independent effects 
            Thermoelectric effects have been known for almost two centuries. The first of such 
effects, the Seebeck effect, was observed by Seebeck in 1821 [22]. It is simply the generation of 
electric potential by the application of a temperature gradient. When a temperature gradient Δ𝑇 
is applied within a material, the imbalance of carrier density distribution between hot and cold 
ends will result in a net charge flow. Hence depending on the majority and minority carriers, 
this will lead to positive or negative voltage between the two ends. Here, the voltage developed 
is calculated as V = S Δ𝑇, where S is the Seebeck coefficient. This effect has been used 
effectively in thermocouples for measuring temperature to a high degree of accuracy. In such 
cases, two conductors with dissimilar Seebeck coefficient join together to enhance the voltage 
developed, which is proportional to Δ𝑇. 
              In 1834, several years after the discovery of the Seebeck effect, Peltier discovered the 
Onsager reciprocal of the Seebeck effect, which is now called Peltier effect [23]. When an 
electric current passes through a thermocouple consisting of two different Seebeck coefficient 
conductors, a thermal gradient is generated within the device. The Onsager reciprocal relation 
between both effects can be shown as Π = S T, where Π is the Peltier coefficient. The relation 
between both of the effects was not realized initially, until Thomson generalized and introduced 
another effect in his name, the Thompson effect [24]. He discovered that when a thermal 
gradient is established, a charge carrier flow is created due to an imbalance in the density of 
states at the Fermi level. These charge carriers are responsible for carrying thermal energy as 
well thus establishing reversible heating and cooling. 
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            Another thermoelectric or thermomagnetic effect which needs to be reflected in the 
context of this dissertation is Nernst effect. It is the thermal current equivalence of Hall effect. 
In the case of Hall effect, when an electric current is passing through a conductor or a 
semiconductor in the presence of an applied magnetic field, charge carriers, acted upon by the 
Lorentz force, will deflect perpendicularly to the current flow, resulting in the Hall voltage. If 
the electric current is replaced by thermal current, the effect is called Nernst effect. The 
magnitude of the Nernst coefficient is given by, 
 
𝑁 =
𝑑𝑉
𝑑𝑦
𝐵𝑧
𝑑𝑇
𝑑𝑥
, 
2.26 
where 
𝑑𝑉
𝑑𝑦
 is the transverese electric field and B is the magnetic field. The reciprocal effect of 
Nernst effect is called Ettingshausen effect (Nernst – Ettingshausen effect). 
2.6.2. Spin-dependent effects 
2.6.2.1 Anomalous and Planar Nernst effect 
Soon after the discovery of Hall effect in 1879, Edwin Hall observed that the effect is ten 
times larger in Iron (ferromagnetic material). The Hall resistivity, 𝜌𝑥𝑦, in such a case can be 
expressed as 
 𝜌𝑥𝑦 = 𝑅0𝐻𝑧 + 𝑅𝑠𝑀𝑧. 2.27 
The second term in equation 2.27 represents the spontaneous magnetization of the ferromagnetic 
material. This is called the anomalous Hall effect (AHE). Similar to the relation between the Hall 
effect and Nernst effect, replacing the charge current applied electrically in case of AHE by the 
thermally-generated current flow, we have an anomalous Nernst effect (ANE). Figure 2.11a,b 
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shows the two different configurations for the measurement of the Nernst effect. When ∇T is 
applied perpendicular to a magnetic field (H), the voltage measured perpendicular to both H and 
∇T is ANE. As shown in Fig 2.11b, if ∇T and H are parallel, it is termed the planar Nernst effect 
(PNE). 
 
 
Figure 2.11 Schematic representations of measurement geometry for a) anomalous Nernst effect 
(ANE), b) planar Nernst effect (PNE), and c) spin Nernst effect. 
Voltage generated by ANE can be shown as, 
 𝑉𝐴𝑁𝐸 = −𝑄𝑠μ0(?⃗⃗? × ∇𝑇), 2.28 
where Qs is the ANE coefficient and μ0 is the vacuum permeability. ANE and AHE share a 
similar origin as that of SHE including skew scattering, side jump mechanism and Berry phase 
curvature effects. A more detailed description of the origin is beyond the scope of this 
dissertation. These effects are very important to understand in the case of SSE measurements 
because very often these parasitic signals dominate the SSE  signal. These effects will be 
explained with the experimental results in Chapter 7. 
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Very recently, another Nernst effect called spin Nernst effect also has been observed 
[21]. In this case, as shown in Fig 2.11c, a pure transverse spin current is generated by applying 
a longitudinal temperature gradient, which is experssed as  
 𝐽𝑠
𝑆𝑁𝛼 𝜃𝑆𝑁 𝐽𝑐 × 𝜎, 2.29 
where 𝐽𝑠
𝑆𝑁 is the spin Nersnt current , 𝜃𝑆𝑁 is SpinNerst angle, 𝐽𝑐is the heat current and 𝜎 is the 
spin polarization vector.  
2.6.2.2 Magneto Seebeck effect and Spin-dependent Seebeck effect 
 Even though very similar in name to SSE, the magneto Seebeck effect and SDSE has a 
completely different origin as compared to SSE, the only similarity for all three effects is the 
use of a thermal gradient to create spin current flow. Phenomenologically, the magneto Seebeck 
effect [17] is the thermoelectric equivalent of giant magnetoresistance (GMR) in magnetic 
multilayers. It has been expertly observed using magnetic tunnel junctions. Unlike SSE, SDSE 
has been mainly observed in metals as it requires conduction electrons. When a temperature 
gradient ∇𝑇 is applied in a material, it creates charge Seebeck voltage as stated in previous 
section. During this process, if the equilibrium condition of spin up and spin down is disturbed, 
this will lead to SDSE. A two channel model explains that spin-up and spin-down electrons act 
as two different channels and create different thermopower voltage. Inside a metallic system, 
both the channels look as if connected in parallel. When the charge current is zero (pure spin 
current), this will lead to the accumulation of charge at the surface. One of the main problems in 
the detection of SDSE is its associated length scale which depends on the spin diffusion length 
in the material. The efficient detection has been achieved using a spin valve structure [19]. 
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2.6.2.3 Spin Seebeck effect 
The spin counterpart of the Seebeck effect has been observed for the first time in NiFe in 
2008 [16]. Since then, SSE has become ubiquitous with the area of spin caloritronics. When a 
temperature gradient ∇𝑇 is created between a ferromagnetic material, F, and a non-magnetic 
material, NM, a flow of spin current is generated and is injected from F to NM. If the spin orbit 
coupling in NM is good, the injected spin current is converted into a detectable voltage, via 
ISHE. With the observation of SSE in the ferromagnetic insulator Y2Fe5O12 (YIG) [26], as 
opposed to SDSE, it becomes clear that spin current in this scenario is indeed carried by 
magnons rather than conduction electrons. 
 
 
 
Figure 2.12 Schematic representation of measurement geometry of a) Longitudinal spin Seebeck 
effect (LSSE); b) Transverse Seebeck effect.  
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 SSE can be detected in two configurations as shown in Fig 2.12. The first observation of 
SSE in NiFe/Pt was observed in a transverse geometry. In this configuration, a temperature 
gradient is applied along the ferromagnetic material layer, which leads to the excitation of a 
pure spin current within the FM. This pure spin current is then injected into the Pt layer which 
has very high spin-orbit interaction and will be converted in to charge voltage using ISHE as 
explained above. The observation of SSE in the transverse geometry has been a subject of 
controversy, since it has been difficult to replicate. It was believed to be a spurious effect 
coming from the out-of-plane gradient [27]. When the temperature gradient is applied across the 
sample, the observed effect is called longitudinal spin Seebeck effect (LSSE) [28]. Since the 
transverse SSE (TSSE) is under debate, we direct our experimental discussions to LSSE in the 
in following chapters. The observation of LSSE in YIG leads to the theory of the magnonic 
origin of SSE [29]. The initial explanation of SSE was made in terms of spin accumulation due 
to ∇𝑇 by considering two spin channels similar to two different conductors in a conventional 
Seebeck effect. This explanation was indeed similar to the later discovered SDSE. A qualitative 
and currently accepted picture of SSE is given by Xiao et al. [29]. In the case of a ferromagnetic 
insulator, when temperature is carried by magnons and phonons, the magnon temperature Tm 
may differ from the phonon temperature Tp. At the same time in NM, both phonon temperature 
and electron temperature Te is the same due to the very strong coupling between them.  
As in the macroscopic spin model given by Xiao [29] et al., at a particular temperature, a 
spin current noise will pump in N from FM due to spin pumping. This current,  
 𝐼𝑆𝑝 =
ħ
4𝜋
[𝐺𝑟𝑚(𝑡) × ?̇?(𝑡) + 𝐺𝑖?̇?(𝑡)], 2.30 
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where 𝐺𝑟 and 𝐺𝑖 are the real and imaginary components of spin mixing conductance G. At the 
same time another spin current 𝐼𝑓𝑙 will flow from N to FM due to thermal noise in N, 
 𝐼𝑓𝑙 =
𝑀𝑠𝑉
𝛾
(𝛾𝑚 × ℎ), 2.31 
where 𝑀𝑠 is the saturation magnetization, V is the total FM volume, and h is the random 
magnetic field acting on M, m is a unit vector parallel to M, and 𝛾 is the gyromagnetic ratio. 
Now the total spin current flowing through the interface is an addition of both 𝐼𝑆𝑝 and 𝐼𝑓𝑙. At 
thermal equilibrium the average spin current becomes zero. When there is a temperature 
gradient, using the macroscopic spin model Xiao et al. conclude that the z component (x and y 
components vanish and only z component remains) of spin current, 
 𝐼𝑠 ≈
𝛾ħ𝐺𝑟𝑘𝑏
2πMs𝑉
(𝑇𝑚 − 𝑇𝑁), 2.32 
where 
𝛾ħ𝐺𝑟𝑘𝑏
2πMs𝑉
 is called the interfacial coefficient, Ls. This implies that the magnitude of SSE is 
mainly correlated to temperature difference between magnons in FM and electrons in NM and 
the spin mixing conductance at the interface. Now in the NM layer a voltage is generated from 
this 𝐼𝑠 using ISHE as explained in the previous section, 
 𝑉𝐼𝑆𝐻𝐸 =
𝜃𝑆𝐻𝑒𝐼𝑠𝜌
𝑤
, 2.33 
where 𝜌 the electrical resistivity and w is the width of a platinum strip. 
Qualitatively when a temperature gradient is applied, thermal energy leads to the 
precession of magnetic moments in a ferromagnetic insulator which is characterized by the 
magnon temperature Tm. By the mechanism of spin pumping, the precessing magnetization 
excites a spin current into the NM. However there will be a back flow of spin current from NM 
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to FM due to the electronic noise in NM coming from its free electrons. Hence the spin current 
is proportional to the temperature difference between magnons in FM and electrons in NM. 
Over the last decade, through well-planned experiments and theories, our understanding of the 
SSE effect and its related phenomena has been significantly improved. Even then there are a lot 
of fundamental questions that still need to be addressed [30]. In particular, the temperature 
dependence of SSE in YIG/Pt and related systems and the role of magnetic anisotropy in these 
systems have remained one of the most controversial issues [32] . To address this, as presented in 
chapter 4 of this dissertation, we have performed a systematic study of the temperature 
dependence of magnetic anisotropy and LSSE in the same system YIG/Pt. We demonstrate 
experimentally, for the first time, the important role of bulk and surface magnetic anisotropy on 
the LSSE signal through which we explain the origin of the controversial low-temperature peak 
observed in the temperature dependence of LSSE. 
 One of the main problems associated with SSE in realizing its practical application is the 
very small value of the SEE signal, which is often very difficult to observe at room temperature. 
Different mechanisms have been proposed to circumvent this problem like using a multilayered 
structure or intermediate antiferromagnetic or ferromagnetic layers, etc. [31,33,34]. However, the 
addition of this intermediate layer often leads to a complex structure of which the full 
understanding has not been reached. For instance, how such an intermediate layer modifies the 
spin correlation length of FM and hence the SSE has been an emerging and unanswered 
question. As an important part of this dissertation, we have introduced a novel and effective way 
to improving the SEE signal in ferromagnetic insulators such as YIG and Cobalt ferrite 
(CoFe2O4) by adding a thin intermediate layer of a semiconducting polymer C60. These important 
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findings are presented in Chapter 5, demonstrating the important effect of the spin correlation 
length of the intermediate layer on the SSE. Other materials like manganites have also been 
selected for spin-thermal-transport studies, in order to gain a more comprehensive understanding 
of the origins of SSE and its related effects in functional oxide systems. The following section 
will thus be aimed at reviewing these chosen materials and their properties.  
 
2.7 Materials overview 
 The main objective of this dissertation is to extend the fundamental understanding of SSE 
and related phenomena in different functional magnetic oxides. Here we introduce three types of 
magnetic oxides: a) Garnet, b) inverse spinel type ferrite, and c) perovskite manganite. 
2.7.1 Garnet 
 Garnets are the group of minerals which share similar properties, but different 
compositions. Although some of them naturally occur, most of the scientifically useful garnets 
have been artificially created in the labs. In general garnets have the chemical formula of, 
X3Y2(ZO4)3, where all X, Y, and Z could be different elements. The garnet chosen for this 
dissertation is YIG (Y3Fe5O12), due to the nature of a ferromagnetic insulator that allows for 
probing intrinsic SSE with negligible contributions from other anomalous effects and to its 
extremely low damping coefficient that allows the magnon spin current to propagate towards the 
NM.  
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Figure 2.13 Cubic unit lattice of Y3Fe5O12. Adapted from [35]. 
Figure 2.13 shows a schematic representation of the YIG’s unit cell. The complicated cubic 
structure of YIG has a lattice constant of 1.2376 nm [34]. It possesses a huge unit cell with 160 
atoms in it with 24 atoms being contributed from Y3+ ions which are non-magnetic and 96 atoms 
are being contributed from O2- ions. The magnetic moment in YIG is coming from ferric ions 
(Fe3+). 16 atoms of Fe3+ ions go into the octahedral site and 24 atoms of Fe3+ go into the 
tetrahedral site. Although each Fe3+ ions carry a magnetic moment of 5 µB, due to the 
superexchange interaction between these two sublattices, an antiferromagnetic coupling occurs 
and consequently the net magnetic moment gets reduced. Hence at room temperature, YIG is a 
ferrimagnetic insulator with its Curie temperature of 560 K. The most interesting feature which 
makes YIG, the best material for spin caloritronics research is its very low damping in the range 
of 10-5 [36]. Due to its lowest damping behavior among all the magnetic materials, YIG possesses 
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a large magnon spin diffusion length (𝜆) which aids the magnon spin current propagation in the 
material [36]. The revised interest in YIG magnonics was augmented with the discovery of SSE 
[37] and the achievement of electrical transmission via spin waves in YIG [38]. Bulk YIG has 
been reported to have very low magnetic anisotropy [39] although detailed experimental studies 
on magnetic anisotropy in YIG have been lacking in the literature. A more detailed description of 
magnetic anisotropy in YIG single crystal and thin films in the context of SSE will be discussed 
in chapters 4 and 7 of this dissertation. 
2.7.2 Cobalt ferrite (CoFe2O4) 
If a crystal structure has both tetragonal sites (and A sites) and octahedral sites (B sites) and has a 
chemical formula of AB2O4, such a structure is called spinel. Figure 2.14 shows a typical spinel 
structure.  
 
Figure 2.14 Spinel structure of Cobalt ferrite. 
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Here A site has 4 oxygen and B site has 6 oxygen neighbors with double the amount of B site 
compared to A site. When half of the B site is occupied by, otherwise A site cations and 
remaining B site and all the A site are occupied by Fe3+ cations, such a structure is called inverse 
spinel structure. Formation of spinel or inverse spinel structure is determined based on 
energetically favorable conditions. For example, in the case of simple ferrite (Fe3O4), if it is 
forming as Fe2+(Fe3+)2O4, it is spinel and if it is Fe
3+(Fe2+Fe3+)O4 structure it is an inverse spinel. 
Since the crystal field stabilization energy is at a minimum in the later case, Fe3O4 is an inverse 
spinel structure. Similarly, cobalt ferrite (CoFe2O4)- CFO is also an example of an inverse spinel. 
In this case, 8 Fe3+ ions go into the tetrahedral A site and 8 Fe3+ ions and 8 Co2+ ions go into the 
octahedral B sites, resulting in cancellation of magnetic moments from Fe3+ ions due to 
antiferromagnetic coupling, and this leads to a ferrimagnetic behavior. 
Theoretically, only Co2+ ions contribute toward the net magnetic moment. But depending on the 
fabrication conditions which result in canting of Fe3+ ions, an increase in the net magnetic 
moment is often observed. Bulk CFO has a lattice constant of 0.838 nm with a density of 
5.29g/cm3. The Curie temperature of CFO is much higher than room temperature at 790 K, which 
makes this material desirable for practical applications. Another important property which makes 
CFO interesting is its very high magnetic anisotropy with the calculated value of anisotropy 
constant K1 = 290 kJ/m
3
. 
2.6.3 Neodymium Strontium Manganese Oxide (Perovskite structure) 
When a material has a chemical formula of the form of ABX3, it is called perovskite structure. 
Here A site and B site serve as cations and X fulfill the role of anion that bonds with both the 
cations. A cation is in general larger than B cations. Among these structures, Mn-based 
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perovskites attracted a lot of attention mainly due to the associated net magnetic moment. 
Though an ideal perovskite is in the form of a cubic structure, depending on the growth 
conditions, the MnO6 octahedra undergoes a tilt, resulting in an altered structure. The degree of 
tilt can be determined by [40] 
𝑑 =
〈𝐴−𝑂〉
√2〈𝑀𝑛−𝑂〉
, 
where  〈𝐴 − 𝑂〉 is the A cation and oxygen ion bond length and 〈𝑀𝑛 − 𝑂〉 is Mn ion and oxygen 
ion bond length. Magnetism in perovskites is determined by crystal field splitting, Jahn-Teller 
distortions and exchange interactions. The materials that we are interested in, is a sister 
compound of one of the most widely studied ferromagnetic perovskite materials LaxSr1-xMnO3, 
Nd0.6Sr0.4MnO3 (NSMO). Crystal structure of NSMO is given in Fig 2.15a.  The structure is easy 
to imagine in terms of MnO6 octahedra as shown in Fig 2.15b. 
 
Figure 2.15 a) schematic representation of NSMO crystal structure. b) MnO6 octahedra in 
NSMO (adapted from [40]). 
Since Hund’s coupling energy is larger than the energy gap between t2g and eg orbitals, parallel 
alignment of spin in degenerate energy state becomes possible. Charge delocalization then 
results in a metal-insulator transition near Curie temperature. The lattice parameter of our NSMO 
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films are approximately a = 0.557 nm, b = 0.528 nm, c = 0.772 nm with an orthorhombic 
structure [36]. If used, the pseudo-cubic representation will yield an approximate lattice 
parameter of 0.386 nm. The material exhibits a Tc of approximately 250 K and accompanied by a 
metal-insulator transition. More details on the magnetic and structural characteristics will be 
discussed in Chapter 7. 
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CHAPTER 3. EXPERIMENTAL METHODS 
In this chapter, we briefly discuss the experimental methods used for sample preparation, 
characterization and analysis of the results in the following chapters from 4 to 7. General 
introduction to sample preparation using sputtering and pulse laser deposition is discussed here. 
Detailed description of the individuals samples are given in corresponding chapters. It is 
followed by brief discussion on the methods of structural characterizations and magnetic 
characterization done at USF, including theoretical explanation of unique transverse 
susceptibility measurement for magnetic anisotropy calculations. Finally, we will introduce the 
custom spin Seebeck measurement set-up for a cryogenic probe station and physical property 
measurement system (PPMS) developed during the course of this dissertation. 
3.1 Sample preparation  
 One of the main samples used for completing this dissertation is Yttrium Iron garnet -
Y3Fe5O12 (YIG) single crystals. These single crystals were grown by the floating zone method 
along the (111) direction and purchased from Crystal Systems Corporation, Hokuto, Yamanashi, 
Japan. Other deposition techniques used for making thin films of magnetic oxides are magnetron 
sputtering and pulsed laser deposition. 
3.1.1 Magnetron sputtering 
 Sputtering is one of the easiest and most flexible ways of making uniform thin films. First 
the sputtering gun is developed by Peter J Clarke in 1971. We use AJA international sputtering 
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system with three, 2-inch targets and CRC sputtering system with one target capacity for simple 
metal depositions. Basic principles of sputtering are schematically explained in Fig 3.1. A high 
vacuum in 10-8 mbar range has achieved through a rotary and turbo vacuum pump.  
 
Figure 3.1 Schematic representation of the sputtering process. 
A processing gas, Ar in most of the cases, is injected into the chamber with a controlled pressure.  
Target material (act as a cathode) and the substrate holder are kept at a distance and a very high 
negative voltage in the range of 500V is applied between them. This will lead to the creation of 
Ar plasma and positively charged Ar ions will be accelerated towards the cathode. This will 
ballistically knock out target atoms from the surface which will travel in a straight line to reach 
the substrate holder due to its charge. As the Ar ion travels to the substrate, it gets impacted by 
more gases and results in continuously glowing plasma. The energy transferred during impact 
with the substrate leads to the uniform distribution of target material on substrate depending on 
the lattice parameters and substrate temperature. This simple deposition technique is called diode 
sputtering, which in general, has very slow deposition rate. This has been solved by the usage of 
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magnets behind the cathode which trap free electrons in the magnetic field. This is called 
magnetron sputtering. We mainly use this technique for deposition of Pt strips for SSE 
measurements and patterned Pt hall bars for SMR measurements [1, 2]. 
3.1.2 Pulsed laser deposition (PLD) 
PLD is the direct ablation of target materials by using a high powered laser inside a high vacuum 
chamber to deposit the target material on to the desired substrate of good lattice match [3]. 
Figure 3.2 shows the schematic representation of the PLD process. In general, the PLD process 
has three steps: interaction of the laser with the target material, plasma formation and nucleation 
of ablated material on to the substrate. 
 
Figure 3.2 Schematic representation of pulse laser deposition process. 
 
When the materials are struck by the high power laser, which depends on the laser wavelength, it 
penetrates into the target material (approximately 10 nm) and ejects free electrons due to the 
strong electric field generated by a laser. The released free electrons, trapped in the 
electromagnetic field, collide with the target material and generate enough heat to vaporize the 
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material. Due to Coulomb repulsion, these materials get attracted towards the substrate by 
traveling normal to the target surface. The deposition quality of these high energy particles are 
dependent on the pressure, substrate temperature, laser energy, and lattice mismatch between 
substrate and target material. For the Cobalt ferrite thin film growth on quartz crystal in chapter 
6, the third harmonic of Nd: YAG laser was used with a 10 Hz repetition rate with 5 ns pulse 
width. (Prepared at Indian Institute of Technology, Mumbai, India) [4]. Nd0.6Sr0.4MnO3 thin 
films grown on LaO and STO substrate, presented in chapter 7, were prepared using KrF 
excimer laser which has a wavelength of 248 nm [5]. It has used with a repetition rate of 3Hz. 
(Samples are prepared at Indian Institute of Science, Bangalore, India). A detailed description of 
the deposition parameters is given in corresponding chapters. 
3.2 Structural characterization 
3.2.1 X-ray diffraction 
One of the most efficient and simple methods for the determination of the atomic structure of the 
material is X-ray diffractometry. When an X-ray beam is incident on the sample,  X-ray waves 
are scattered via the atom’s electrons. The diffracted rays get canceled because of destructive 
interference in most of the direction. According to Braggs law, in certain direction, it undergoes 
constructive interference, given by, 
 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃. 3.1 
where n is an integer, 𝜆 is the wavelength of the incident beam, d is the space between the planes 
and 𝜃 is the incident beam angle. In order to obtain the detailed structural information, the 
Rietveld algorithm is implemented along with CelRef or Fullprof software packages. Fig 3.3 
shows the Brüker AXS D8 diffractometer at USF with Cu Kα source. The machine can be 
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operated in different scanning mode depending on the purpose. 𝜃 − 2𝜃 scans are used most often 
as angle of incidence and angle of detection varying continuously though out the measurement, 
although both of them are coupled together in a locked coupled mode. Now the typical XRD 
pattern is plotted as intensity vs 2𝜃 graph. Rocking curve (𝜔 − 𝑠𝑐𝑎𝑛𝑠) scans are used to analyze 
the polar orientation of the thin film samples, 𝜙𝑠𝑐𝑎𝑛𝑠 (𝐴𝑧𝑖𝑚𝑢𝑡ℎ𝑎𝑙 𝑠𝑐𝑎𝑛𝑠) are used for 
quantitative analysis of thin film structure, and epitaxy and sin2𝜓 analysis is used for stress 
analysis of the film [6]. 
 
Figure 3.3 Brüker AXS D8 diffractometer at USF with Cu Kα source. 
 
Apart from the typical structural characterization using XRD, we have effectively used the 
instrument for accurate measurement of film thickness. This is called X-ray reflectivity method. 
When an X-ray is incident on the sample, the reflected beams interfere to create Kiessig fringes 
which can be expressed by the condition, 
47 
 
 2𝑡 = √sin2 𝛼𝑖𝑛 − sin2 𝛼𝑐 = 𝑚𝜆    3.2 
where 𝛼𝑐 is the crictical angle for total external reflection and 𝛼𝑖𝑛 is the incident angle, t is the 
thickness of the layer and m is an integer. When the 𝛼𝑖𝑛 is very small the equation becomes, 
 
𝛼𝑖𝑛
2 − 𝛼𝑐
2 = 𝑚2 (
𝜆
2𝑡
)
2
   
3.3 
Hence by plotting and fitting 𝛼𝑖𝑛
2  vs m2 (fringe order) graph, we can extract exact film thickness 
of the sample. This method has been used throughout the dissertation to accurately deposit Pt 
thickness of 5-10 nm for both SSE and SMR measurements. 
3.2.2 Atomic force microscopy (AFM) 
AFM is a type of scanning probe microscopy technique which has a very high resolution to the 
accuracy of a few nm. Fig 3.4 shows the working principle of AFM and Digital Instruments III 
Atomic Force Microscope which was used for characterization. AFM operation has three main 
parts. First, a very sharp AFM tip of length of a few nm is attached to the cantilever. Then the 
cantilever and tip system are pushed towards the sample surface to very close proximity. The 
atoms on the tip and sample surface get affected by van der Waals forces. These forces result in 
the vertical shift of the cantilever, which in turn, changes the laser beam reflection. Since the 
reflection is based on the sample topography, the resultant signal can be manipulated to create a 
3D mapping of the surface. A photodiode is generally used to detect the changes in laser beam as 
shown in fig 3.4. By using the magnetized tips, we also have the option of taking images on the 
magnetic sample as a magnetic force microscope (MFM). 
 
48 
 
 
Figure 3.4 (a) Illustration of working principle of an AFM and (b) Digital Instruments III 
Atomic Force Microscope. 
3.2.3 Scanning electron microscopy (SEM) with Energy Dispersive X-ray Spectroscopy 
(EDS) 
Figure 3.5 shows the JOEL JSM-6390LV SEM which we used for surface morphology 
characterization of the samples in this dissertation. The main part of SEM is the electron gun. A 
tungsten filament is heated to a very high temperature in the range of 2500 K which leads to the 
thermionic emission of electrons. These electrons acquire energy in the range of 0.1 to 30 keV. 
Now, these accelerated electrons interact with sample surface and generate different signals 
include secondary electrons, backscattered electrons, and X-rays. The most important 
information can be gathered from the secondary electron detectors in the JOEL JSM-6390LV 
system. Unfortunately, SEM is not perfect for nonconductive materials like YIG, which is used 
mainly in this dissertation, because of charge accumulation. In such cases, we attach a copper 
tape to one side of the sample in order to conduct the accumulated charges. JOEL JSM-6390LV 
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SEM can be used in the magnification range from 5x to 300000x. Fig 3.5 shows the JOEL JSM-
6390LV SEM housed in the physics department at USF. 
 
Figure 3.5 JOEL JSM-6390LV SEM housed at USF. 
JOEL JSM-6390LV SEM at USF has also equipped with energy dispersive spectroscopy (EDS).  
As mentioned above, when the electron beam strikes the sample surface, the generated signal 
includes a characteristic X-ray signal. This signal can penetrate the sample in the space we are 
focused on. These X-rays are detected by the EDS detector and the intensity of the signal varies 
depending on the quantity of the particular atoms in the detected volume. Hence, this system can 
be effectively used for compositional and elemental analysis of the samples we are interested in. 
In Chapter 5, we used the system effectively to detect C60 deposition the surface of YIG single 
crystals. 
3.3 Magnetic Characterization 
3.3.1 Physical property measurement system (PPMS) 
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Quantum design, model 6000 PPMS which has a capability of the 7T maximum field and 
temperature range of 1.8-350 K has been used for all the magnetic characterization of the 
samples in following chapters. The system which is housed at USF physics department has used 
with flowing inserts, 
Vibrating sample magnetometer (DC magnetometry) 
ACMS (AC magnetometry) 
Transverse susceptibility measurements with TDO insert 
Custom built transport probes for spin caloritronics and transport measurements. 
 
Figure 3.6 Physical property measurement system in the Functional Materials Lab at USF. 
 
3.3.2 Vibrating sample magnetometer (VSM) 
In this dissertation, the VSM has been used for the measurement of magnetization versus 
temperature (M vs. T) and magnetization versus magnetic field (M vs. H). The VSM works on 
the principle of Faraday's law of magnetic induction. Measuring sample is inserted into the 
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PPMS that controls the applied magnetic field and temperature. With the help of VSM motor, the 
sample rod vibrates and samples oscillates between 0.1 – 5 mm around the center part of a 
pickup coil which is set to be in a uniform magnetic field. Now when a sample moves inside the 
coil, the flux density 
𝜕𝐵
𝜕𝑡
 changes and according to Faraday’s law, a voltage gets induced which is 
varying sinusoidally with a frequency of 40 Hz. This voltage is picked up using a lock-in 
detection method. Then induced voltage is proportional to the magnetization of the sample as the 
applied field does not change for the period of oscillation. 
 
Figure 3.7 Illustration of VSM motor and sample holder parts (adapted from Quantum design). 
 𝜕𝐵
𝜕𝑡
= 𝜇0
𝜕𝑀
𝜕𝑡
        
3.4 
 
The induced voltage is given as, 
 𝑉𝑖𝑛𝑑𝑢𝑐𝑒𝑑 = 2𝜋𝑓𝐶𝑀𝐴 sin(2𝜋𝑓𝑡)               3.5 
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where A is the amplitude and f is the frequency of sample oscillation (40Hz) and C is the 
coupling constant which depends on the instrument [7]. Fig 3.7 shows the quantum design VSM 
which operates with model 6000 PPMS at USF. 
3.3.3 Transverse susceptibility measurements 
In a magnetic material, when magnetization, M is linearly related to magnetic field H, we can 
define magnetic susceptibility,𝜒 =
𝑀
𝐻
 , But in case of ferromagnetic material it is generally not 
linear relation and we can use more generalized differential susceptibility , [8] 
 
𝜒𝑖𝑗
𝑑 =
𝜕𝑀𝑖
𝜕𝐻𝑗
             
3.6 
 
 
Figure 3.8 Geometry used ofr theorrctical calculations of transverse scuscpetibility measuremnt  
Figure 3.8 represents the measurement geometry and field alignments for a typical Stoner-
Wohlfarth ferromagnetic particle in measurement, which is ellipsoidal, single domain with 
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uniaxial anisotropy and has saturation magnetization, Ms with volume V. Large dc magnetic field 
HDC is applied perpendicular to a perturbing rf magnetic field, Hac. Now (𝜃𝑀 , 𝜙𝑀) represents the 
saturation magnetization Ms and (𝜃𝐾 , 𝜙𝐾) represents the magnetic anisotropy axis (easy axis) in 
polar coordinates. From equation 3.6, we can obtain both longitudinal and transverse 
susceptibilities. Longitudinal susceptibilities are the diagonal elements represented by 𝜒𝑥𝑥, 𝜒𝑦𝑦 
and 𝜒𝑧𝑧 and transverse susceptibilities are off diagonal elements of the tensor represented by 𝜒𝑥𝑧 
and 𝜒𝑦𝑧. ie, 
 
𝜒𝑥𝑧 =
𝜕𝑀𝑥
𝜕𝐻𝑧
, 𝐻𝑦 = 0           
3.7 
 
𝜒𝑦𝑧 =
𝜕𝑀𝑦
𝜕𝐻𝑧
, 𝐻𝑥 = 0   
3.8 
 
First theoretical calculations of these transverse susceptibilities (TS) were done by Aharoni et al. 
[10]. If we consider a perfect SW particle, total energy, 
 𝐸 = −𝐾(?⃗⃗? 𝑠. ?⃗? 𝑘)
2
+ ?⃗⃗? 𝑠(?⃗? 𝐷𝐶 + ?⃗? 𝑎𝑐),    
3.9 
where K is anisotropy constant and  uk is the unit vector along M. Now the competing torques 
from both anisotropy and applied field determine the direction of magnetization vector and its 
projection in the AC field direction. The energy minimization condition for reaching equilibrium 
state is, 
 𝜕𝐸
𝜕𝜃𝑀
= 0  
𝜕2𝐸
𝜕2𝜃𝑀
≥ 0               ,
𝜕𝐸
𝜕𝜙𝑀
= 0,
𝜕2𝐸
𝜕2𝜙𝑀
≥ 0     
3.10 
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By using this energy minimization condition in equation [3.10], we can reach transverse 
susceptibility, 
 
𝜒𝑇1 =
3
2
𝜒0 [
cos2 𝜙𝐾 cos
2 𝜙𝑀
ℎ𝑐𝑜𝑠𝜙𝑚 + 𝑐𝑜𝑠2(𝜃𝑀 + 𝜃𝐾)
+
sin2𝜙𝑘  sin(𝜃𝐾 − 𝜙𝑀)
ℎ𝑠𝑖𝑛𝜃𝑘
]   
3.11 
Average susceptibility for all particles is 
 
𝜒𝑇 =
1
2𝜋
∫ ∫ 𝜒𝑇𝑠𝑖𝑛𝜃𝐾𝑑𝜃𝐾𝑑𝜙𝐾
𝜋/2
0
          
2𝜋
0
 
  
3.12 
Now by substituting [3.12] in [3.11], 
 
 
𝜒𝑇 = ∫
3
2
𝜒0 [
cos2 𝜙𝑀
ℎ𝑐𝑜𝑠𝜃𝑀 + 𝑐𝑜𝑠2(𝜃𝑀 + 𝜙𝐾)
𝜋
2
0
+
sin(𝜃𝐾 − 𝜃𝑀)
ℎ𝑠𝑖𝑛𝜃𝐾
] 𝑠𝑖𝑛𝜃𝐾𝑑𝜃𝐾           
 
3.13 
Now, if we solve this equation for all the DC bias field, it will yield two peak points at exactly at 
anisotropy filed (±𝐻𝐾)  and one peak point at switching field (𝐻𝑆) as shown in Fig 3.9. 
Experimentally, the sample is placed inside an LC circuit which is part of a tunnel diode 
oscillator (TDO) with a resonant frequency in the order of 12 MHz with a sensitivity of 10 Hz 
[11]. The measurement geometry is shown in Fig 3.9. Over the years we have validated this 
method as a very useful probe of effective magnetic anisotropy in a large class of magnetic 
materials ranging from thin films [12], to single crystals [13] to nanoparticles [14]. Recently we 
have used this technique to unravel the unusual magnetic behavior often seen in manganites [15] 
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and to probe the magnetocrystalline anisotropy-driven phase transition in cobaltites [16]. In the 
experiment, the sample is placed in an inductive coil, which is part of an ultra-stable, self-
resonant tunnel-diode oscillator in which a perturbing small RF field (HAC ≈ 10 Oe) is applied 
perpendicular to the DC field. The coil with the sample is inserted into the PPMS chamber which 
can be varied the temperature from 10 K to 350 K in an applied field up to 7 T. 
 
Figure 3.9 Schematic represntation of TS measurement setup and a typical TS bipolar curve 
with peaks at anisotropy and switching fields. 
When a magnetic sample is placed inside the coil, due to the changes in surrounding 
permeability, the inductance of the coil changes. Since the resonant frequency of the system is  
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𝜔 =
1
√𝐿𝐶
 , where L is inductance and C is the capacitance, changes in inductance will directly 
result in shifting of the TDO resonant frequency. 
 Δ𝜔
𝑤
≈ −
Δ𝐿
𝐿
    
3.14 
 
Similarly, as the DC field is sweeping from positive saturation to negative saturation of the test 
sample with a very small rf perturbation in the transverse direction, changes in transverse 
permeability of the sample will change the coil inductance and transverse susceptibility. 
 𝜇𝑇 = 1 + 𝜒𝑇            3.15 
 
The resonant frequency of the system changes proportional to the transverse susceptibility of the 
measuring sample which follows the relation,          
 
 Δ𝜒𝑇
𝜒𝑇
(%) =
|𝜒𝑇(𝐻) − 𝜒𝑇
𝑠𝑎𝑡|
𝜒𝑇
𝑠𝑎𝑡 × 100              
3.16 
 
where 𝜒𝑇
𝑠𝑎𝑡
 is transverse susceptibility at a saturation field Hsat. As Aharoni et al. theoretically 
predicted [10], the TS for a SW particle with its hard magnetic axis aligned with the DC field 
should yield peaks at the anisotropy fields (±Hk) and switching field (HS) as the DC field is 
swept from positive to negative saturation which is illustrated in Fig 3.9. However, in some cases 
where Hk value is very close to HS, the switching peak is often merged with one of the anisotropy 
peaks. 
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3.4 Janis cryogenic probe station 
Most of the SSE and transport measurements in this thesis have been performed in a Janis 
horizontal field electromagnet –micro-manipulated probe station. A top view schematic of the 
station is given in Fig 3.10.  
 
 
 
 
 
 
 
 
 
 
Figure 3.10 Top view schematic of Janis probe station (adapted from the user manual). 
It has a continuous flow cryostat which can cool down the system from 300 K to 77 K in 2 hours 
using liquid nitrogen. With the help of liquid Helium dewar, it can reach 4.2 K temperature with 
an accuracy of 0.1K.The pressure inside the chamber can be varied from 760 Torr to 10-4 Torr. A 
unipolar electromagnet with a custom built polarity switch can vary magnetic field from 5500 Oe 
to -5500 Oe. Silicon diode thermometers have been used for the accurate monitoring and control 
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of system temperature. The sensitivity of these diodes is approximately 25 mV/K below 20 K to 
2.3 mV/K above 70 K. 
3.4.1 Spin Seebeck measurement system 
The electric voltage induced by SSE in our YIG/Pt structure was recorded by the longitudinal 
spin Seebeck effect (LSSE) measurement set-up [2,17,18]. Schematic of the measurement set-up 
in cryogenic probe station is illustrated in Fig. 3.11a. A temperature gradient of desired value 
was applied across a single crystal YIG slab of 6*2*1 mm3 dimension with 5-10 nm thick Pt film 
of 6*1 mm2. A magnetic field was applied perpendicular to the temperature gradient and VLSSE 
was recorded perpendicular to the magnetic field and temperature gradient. For LSSE 
measurements YIG/Pt was sandwiched between two copper plates. A polymide film flexible 
heater was attached to the bottom plate and top plate temperature was controlled through 
molybdenum screws which have a high thermal conductivity of 138 W/m.K attached to the 
cryogenic system. 
The desired temperature gradient was achieved by applying adequate current to the heating 
module. K-type thermocouples were used to monitor the temperature of the top and bottom 
plates and cryogenic system temperature are monitored using silicon diode sensors. After 
stepping the system temperature and heating current, measurements were performed after 2 h of 
stabilization time. The SSE voltage was recorded as the magnetic field was swept between 
positive and negative saturation of YIG, using a Keithley 2182 nanovoltmeter. Because of the 
continuous flow required to keep the system cool in our cryogenic probe station, measurements 
were limited to liquid nitrogen temperature in this system. Thus, in the later part of this 
59 
 
dissertation, we have developed SSE measurement system that can be inserted into the PPMS at 
USF (Fig. 3.11 b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 SSE measurements in (a) cryogenic probe station, (b) PPMS, and (c) Measurement 
geometry. 
This has given us an additional capability to reach 2 K and a maximum magnetic field of 7T. In 
both the systems adequate delay needs to be given after stepping up the heater current before 
Thermometers 
Polyimide film flexible heater 
V
T
H
Pt
YIG
Silver paint
Copper wire
x
z
y
a) 
b) 
c) 
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taking the measurement as the small SSE signal is highly influenced by changes in thermal 
gradient. We have observed that thermal fluctuation of 0.05 K is sufficient enough to change the 
SSE signal behavior. Another problem we often faced is while taking contacts from the Pt layer. 
At first, we tried to measure with Tungsten probes of 0.5mm diameter. Although this is a good 
method for avoiding heat loss through contact, piercing through the 5nm layer of Pt often 
resulted in inconsistent results. Hence for most of the studies, we used 0.02mm diameter Cu 
wires attached to the top of a Pt layer using silver paint. One problem associated with this 
method is the generation of thermoelectric voltage from the two dissimilar metal joints which 
may lead to a slight error in the observed voltage. Both the system are controlled and monitored 
by LabVIEW programs. 
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CHAPTER 4. IMPACT OF MAGNETIC ANISOTROPY ON THE SPIN 
SEEBECK EFFECT IN YIG/Pt HETEROSTRUCTURES 
 
4.1 Introduction 
 The very basic idea of spin caloritronics and spin Seebeck effect (SSE) in particular has 
been explained in Chapter 2. Spin caloritronics based on the SSE is an emerging area of research, 
owing to its potential use in advanced spintronics devices [1,2].  SSE is associated with the 
generation of pure spin current without charge current when a thermal gradient is established in 
the presence of an applied magnetic field [3]. Along with spin pumping and spin Hall effect 
(SHE), SSE has established as the most effective way to generate pure spin current, especially in 
insulating systems. Since the discovery of SSE in a ferromagnetic metal (NiFe), it has been 
reported in a wide range of materials, including ferromagnetic insulators, ferromagnetic 
semiconductors, and non-magnetic materials, using longitudinal and transverse measurement 
configurations (known as LSSE and TSSE, respectively) [3-7]. The great diversity of host 
materials raises an important question about the underlying physical origin of SSE [8-11]. An 
initial explanation of the SSE in the original paper was analogous to that of an ordinary Seebeck 
effect, which was proposed as the spin-dependent Seebeck effect by Johnson and Silsbee in 1987 
[12]. It was conceived as two spin channels with different spin Seebeck coefficients creating a 
spin current flow and hence given the name. But it has been challenged with the observation of 
SSE in the ferromagnetic insulator, YIG.  As explained in Chapter 2, currently it is believed that 
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temperature difference between magnon in the ferromagnet and electron in the top metal layer is 
the source of SSE [13-14]. Hence, the SSE is concluded as a bulk effect rather than anything 
shaped at the surface. But at the same time, there are several studies pointing out that quality of 
the interface has a tremendous effect on the SSE behavior. 
 Similarly, the origin of the temperature dependence of LSSE in the Pt/YIG system has 
also been a subject of long-lasting debate [9]. Siegal et al. observed a decrease in the LSSE 
voltage (VLSSE) with decreasing temperature in Bi-YIG thin films, with a sudden change of VLSSE 
slope below 200 K [11]. Interestingly they observed a low-temperature peak only in the 
transverse configuration. While the origin of the sudden change in VLSSE below 200 K was 
unclear [11], this may be associated with spin reorientation due to single ion anisotropy of Fe2+ 
ions that was also reported to occur below 200 K in the single crystalline YIG [15]. 
It has recently been reported that when the thickness of YIG exceeds its magnetic domain size 
(~5 μm), the magnetic field-dependent VLSSE shows an anomaly in a low field regime (< 0.3 
kOe) [16]. This low field feature has been attributed to the presence of an intrinsic easy axis 
perpendicular magnetic anisotropy (PMA) at the YIG surface [17]. The presence of PMA has 
been experimentally shown at 300 K to influence the value of the saturation magnetic field 
(𝐻𝑆𝑎𝑡
𝐿𝑆𝑆𝐸) of a saturated VLSSE [17,18]. These experimental observations indicate the possible role 
of PMA in the LSSE in YIG.  
 Furthermore, a low-temperature peak in LSSE has been observed by many groups. For a 
bulk crystal, it is found to be around 75K, for thin films it tends to be shifting to slightly higher 
temperature with decrease in film thickness [9]. This low-temperature enhancement has been 
explained using the concept magnon- phonon drag similar to the phonon-drag theory explanation 
of low-temperature enhancement in thermopower [19].  Since SSE is originating from magnon 
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propagation, if phonons drag magnons along their path due to strong magnon- phonon 
interaction, it would result in an increase in SSE signal at low temperature. 
 While magnon-phonon drag model by Adachi et al was well received [18], a recent study  
on the temperature dependences of thermal conductivity () and VLSSE of YIG has revealed a 
maximum in (T) around 25 K [20], which is about 50 K below the VLSSE(T) peak (~75 K) [8,9], 
thus questioning about the validity of the existing magnon-phonon drag model. Additionally, 
another study by Boona et al also revealed that at very low temperatures the magnons and 
phonos responsible for heat transfer share similar propagation length [21]. This result as well 
contradicts the magnon-phonon drag enhancement of SSE signal. Most recently, the temperature 
dependent LSSE with a peak around 75 K has been reasonably well explained using the magnon-
mediated model that considers the temperature-dependent effective propagation length of 
thermally excited magnons in bulk YIG [9]. This study also highlights the important role of 
interface effects and reasonably explains the thickness dependent changes in SSE peak in Pt/YIG 
structure. Interestingly they also observed that the peak temperature shifts depending on the top 
lay nonmagnetic layer deposited (Pt, Cu, W, Pd). This suggests that changes in interface 
properties have a very strong influence on the behavior of SSE temperature dependence. At the 
same time, the emerging question about the effect of the PMA on the LSSE also remains 
unaddressed. 
To shed some light on these important issues, we have simultaneously studied the temperature 
dependence of effective magnetic anisotropy and VLSSE in the same single crystal of YIG, using 
the radio-frequency transverse susceptibility (TS) [22] and LSSE techniques, respectively. Over 
the years, our group has validated TS as a direct probe of effective magnetic anisotropy in a large 
class of magnetic materials ranging from thin films [23], single crystals [24] to nanoparticles 
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[25]. In particular, we have used this technique to unravel the unusual magnetic behavior often 
seen in manganites [26] and to probe the magnetocrystalline anisotropy-driven phase transition 
in cobaltites [27]. In this study, the bulk magnetocrystalline anisotropy field (HK), the surface 
PMA field (HKS) and their temperature evolutions of YIG are probed using the TS technique. 
Coupled with the temperature evolution of VLSSE, we show that on lowering temperature, a 
sudden decrease in VLSSE at ~175 K corresponds to the sudden increases in HK and HKS, arising 
from the spin reorientation that occurs at the same temperature. At lower temperatures (T < 125 
K), VLSSE(T) shows a peak at ~75 K which is associated with the HKS and MS (saturation 
magnetization) whose peaks also occur at the same temperature. A detailed explanation of this 
technique is given in Chapter 3.  
4.2 Experiment 
 Commercially available Yttrium Iron Garnet (Y3Fe5O12 or YIG) single crystals grown by 
the floating zone method along the (111) direction from Crystal Systems Corporation, Hokuto, 
Yamanashi, Japan were used for the present study. Longitudinal spin Seebeck voltage 
measurements were performed on this single crystal with a dimension of 6 mm  3 mm  1 mm 
(length  width  thickness), as shown in Fig. 4.1a.  A platinum strip of 6 mm  1 mm  15 nm 
was deposited on YIG using DC sputtering. The sputtering chamber was evacuated to a base 
pressure of 5 × 10−6 Torr and Argon pressure of 7 mT during the deposition. DC current and 
voltage used for deposition were 50 mA and ~ 350 V, respectively. The schematic of the LSEE 
measurement set-up is shown in the figure 4.1a. For LSSE measurements, YIG/Pt was 
sandwiched between two copper plates. A Peltier module was attached to the bottom plate and 
top plate temperature was controlled through molybdenum screws attached to the cryogenic 
system. A temperature gradient of approximately 2 K was achieved by applying 3 A current to 
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the Peltier module. K-type thermocouples were used to monitor the temperature of the top and 
bottom plates. The picture of the experimental set-up is shown in Fig. 4.1b. After stepping the 
system temperature and Peltier module current, measurements were performed after 2 h of 
stabilization time. The SSE voltage was recorded as the magnetic field was swept between 
positive and negative saturation of YIG, using a Keithley 2182 Nanovoltmeter.  
 
Figure 4.1 (a) A schematic illustration of the longitudinal Spin Seebeck effect (LSSE) 
measurement set-up; (b)a picture of the experimental set-up developed to measure LSSE; (c) 
schematic illustration of the TS measurement set-up and measurement configurations 
(configurations 1 and 2 for in-plane and out-of-plane TS experiments, respectively). 
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The same YIG sample was used for LSSE and TS measurements. Figure 4.1 shows schematic 
illustrations of the LSSE and TS setups, with which the temperature dependences of VLSSE, HK, 
and HKS have been studied in detail.  Details of these experiments are presented in Chapter 3. 
4.3 Results and Discussion 
4.3.1 Temperature dependence of longitudinal spin Seebeck effect 
Figure 4.2 shows the magnetic field dependence of VLSSE of Pt/YIG for a temperature gradient of 
T = 2 K at representative temperatures of 300, 200, and 150 K. It is observed that in the low 
field region (H ≤ 0.3 kOe), VLSSE is relatively small (almost zero) and remains almost 
unchanged with increasing magnetic field. This behavior was also reported in the literature for 
YIG when the sample thickness exceeded its magnetic domain size (~ 5 m) [14]. The VLSSE 
increases rapidly in the field range 0.3 kOe < H < 0.7 kOe and becomes saturated for H  0.7 
kOe. The low magnetic field behavior of the YIG/Pt structure was observed at all measured 
temperatures. While the magnitude of VLSSE decreases with lowering temperature, the critical 
field (Hcri = 0.3 kOe) for the VLSSE increase remains almost unchanged.  
Figure 4.3 shows the temperature dependence of the saturated VLSSE for a temperature gradient of 
T = 2 K. The saturated value of VLSSE is defined as VLSSE = ∆V/2, where ∆V is the difference 
between maximum values of the positive and negative saturation. It can be observed in figure 4.3 
that VLSSE decreases with lowering temperature in the investigated temperature range (125 K-300 
K). This trend was also observed by Siegel et al. for a Bi-doped YIG thin film [12]. The VLSSE at 
300 K is determined to be ~96 nV, which drops to 47 nV at 150 K. The obtained values of VLSSE 
are in the expected range reported in the literature [8]. It is worth noting in figure 4.3 that there is 
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a sudden drop in VLSSE just below ~175 K and this feature was also observed for the Bi-YIG thin 
films, although its origin was not understood [12].  
 
Figure 4.2 Magnetic field dependence of LSSE at (a) 300K, (b) 200K, and (c) 150K. 
70 
 
While this drop in VLSSE cannot be explained by the theoretical models proposed for the SSE, we 
recall that the exchange energy associated with the first body mode (spin wave with the smallest 
real wave number) varies with changes in magnetization and magnetocrystalline anisotropy [28].  
 
Figure 4.3 Temperature dependence of saturated LSSE voltage for the Pt/YIG sample. 
 
The temperature dependence of the photo-induced shift of the surface modes relative to the first 
body mode of YIG single crystals has shown a negligible value above 175 K [29], and a 
Mössbauer study has revealed a spin reorientation below 175 K due to the single ion anisotropy 
of Fe+2 ions [30]. These observations suggest that the sudden decrease in VLSSE below ~175 K, as 
observed in our study and also reported in the literature [12], is likely associated with the spin 
reorientation that occurs at the same temperature. When spin reorientation happens in a material, 
it's preferred magnetization direction changes which, in turn, alters the effective magnetic 
anisotropy and the LSSE. This behavior is similar to the large changes in VLSSE observed in 
antiferromagnetic systems due to spin-flop transitions [29]. Since LSSE experiments were 
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performed on bulk YIG, the effects of spin reorientation and magnetic anisotropy on the LSSE in 
orthogonal orientations with respect to the applied magnetic field would be significant. 
4.3.2 Temperature dependence of magnetic anisotropy 
In order to elucidate these intriguing features, we have studied the temperature evolution of the 
magnetic anisotropy of YIG in both in-plane and out-of-plane directions by radio-frequency 
transverse susceptibility (TS), using a self-resonant tunnel diode oscillator with a resonant 
frequency of 12 MHz and sensitivity of the order of 10 Hz [22]. In the TS method, as the DC 
field is swept from positive saturation to negative saturation of the sample under study, the 
resonant frequency of the coil with the sample changes proportionally to the transverse 
susceptibility of the sample, which is calculated using Eq. 3.16. It has been theoretically shown 
that a ferromagnetic material should yield TS peaks at the anisotropy fields (±Hk) and switching 
fields (-HS) as the DC field is swept from positive to negative saturation and vice versa [30,31]. 
However, in some cases where Hk values are very close to HS, the switching peak is often 
merged with one of the anisotropy peaks in a unipolar scan of the field for example from to 
positive to negative saturation.  
Figure 4.4.a,b shows the 3D bipolar TS scans of YIG in the in-plane and out-of-plane directions 
in the temperature range of 20-300 K, respectively. It can be observed in Figure. 4.4a, c that as 
the DC magnetic field was swept from positive to negative saturation, in-plane TS scans showed 
two distinct peaks corresponding to ± HK (the magnetocrystalline anisotropy field). Interestingly, 
two other anisotropic peaks corresponding to ± HKS (the surface PMA field) also appeared to 
occur at lower DC fields, establishing the different anisotropic behavior of the YIG surface. In 
the out-of-plane direction, switching and anisotropy fields are close to each other so that the 
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observed peak appeared to merge together, on increasing the magnetic field from zero (Figure. 
4.4b,d). As expected, no peaks associated with HKS are observed in this measurement 
configuration as the applied magnetic field is parallel to the PMA direction.   
 
Figure 4.4 Bipolar transverse susceptibility (TS) scans taken at different temperatures for the 
single crystal YIG in (a) in-plane and (b) out-of-plane directions; (c,d) bipolar TS scans for the 
same at 50 K. 
The temperature dependences of HK for both the in-plane and out-of-plane directions and its 
normalized value are plotted in Fig. 4.5a. The temperature dependence of HKS is also plotted in 
Fig. 4.6. It can be seen in Fig. 4.6 that HK shows an increase as the temperature is lowered from 
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300 K, which is expected for a typical ferromagnet. While the in-plane HK increases from 670 
Oe at 225K to 876 Oe at 10 K, a much larger change in the out of plane anisotropy field is 
observed. 
 
  
 
 
 
 
 
Figure 4.5 Temperature dependences of HK in the out-of-plane and in-plane directions and their 
subtraction, and the saturated LSSE voltage measured with ΔT = 2 K. 
It is worth noting here that both the in-plane and out-of-plane anisotropy fields show a similar 
temperature dependence. For both the in-plane and out-of-plane directions there is a sharp 
increase in HK at ~175 K, which corresponds to the sudden decrease in VLSSE, as clearly seen in 
the compiled plot of Figure 5.6. The temperature dependences of HK  and HKS  resemble that of 
VLSSE in the investigated temperature range (125-300 K). We should note that while in the 
saturated state the magnetic anisotropy may not play a role for the magnetization configuration 
(which is aligned completely along the field), the magnonic spin current diffusion length that 
depends on the magnetic anisotropy likely plays a role [31,32]. Larger magnetic anisotropy 
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might open a larger magnon gap, leading to only higher frequency magnons to propagate which 
have a shorter diffusion length [33] and hence the smaller LSSE. Other effects such as magnon 
population change due to temperature could also impact the temperature dependence of SSE [9] 
It is also worth noticing in Fig. 4.6 that HK possesses a more dominant contribution from the out-
of-plane component than from the in-plane component, providing the first direct experimental 
proof of a recent theoretical prediction [16]. The increase in HK corresponds to the decrease in 
VLSSE, suggesting that LSSE should be exploited in systems with low magnetic anisotropy and 
that LSSE can be tuned by manipulating the anisotropy of the material. We recall that the 
temperature dependences of the anomalous Nernst effect (ANE) and SSE studied in both the 
single crystal and thin film of Fe3O4 have also revealed strong decreases in the ANE and SSE 
voltages at temperatures below the Verwey transition temperature ~ 125 K, at which the material 
undergoes a cubic (metal) high-temperature to monoclinic (insulator) low-temperature transition, 
and below which the magnetocrystalline anisotropy is found to suddenly increase as well 
[33,34]. Due to the coexistence of both ANE and SSE in Fe3O4, however, it was not possible to 
decouple the SSE from the ANE, and consequently, the temperature evolution of SSE could not 
be directly related to that of the magnetic anisotropy. Given the fact that the ANE effect is absent 
in YIG due to its insulating nature, and that YIG undergoes a spin orientation below 175 K due 
to the single ion anisotropy of Fe2+ ions, which, in effect, alters the magnetic anisotropy and 
hence the magnetization direction of the material, we can safely attribute the sudden change in 
VLSSE to the intrinsic spin reorientation in YIG that affects the thermal spin injection in the 
FM/metal interface. These important findings indicate the possible coupling of anisotropy of the 
system to the LSSE voltage, which further validates the recent experimental and theoretical 
predictions that emphasize the role of magnetic anisotropy in SSE systems [12,16].  
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Finally, we note in Fig. 4.6 the temperature dependence of HKS in the low-temperature region 
(T< 125 K). Clearly, HKS(T) shows a broad peak around 75 K, which corresponds to the broad 
peak of VLSSE(T) observed previously for bulk YIG (inset of Fig. 4.6) [9]. While possible 
explanations have been put forward for the VLSSE(T) peak at ~75 K, no consensus has been 
formed about this. An important fact that emerges from our study is that the dependence of 
VLSSE(T) is related to the change in PMA (HKS), which is an intrinsic characteristic of YIG [19]. 
It has been theoretically shown by Xiao et al. that the presence of PMA at the interface between 
YIG and Pt gives rise to spin-wave excitation, thus increasing the excitation power [35]. 
 
Figure 4.6 Temperature dependences of MS and HKS in the in-plane direction, with its inset 
showing the temperature dependence of LSSE voltage for both YIG single crystal and thin film. 
Later Uchida et al. arrived at the same conclusion, through experimental and numerical 
calculations on YIG (both single crystal and film), that the difference between bulk 
magnetization and surface magnetization induced by PMA causes the low field anomaly of VLSSE 
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in the Pt/YIG system [14]. Micro-magneto optic Kerr effect measurements (MOKE) in a 
longitudinal configuration have mimicked the low field aberration similar to that observed in the 
LSSE measurements, proving the non-collinear alignment of spins between the bulk and surface 
of YIG [19]. Reproducibility of this low field anomaly independent of fabrication process shows 
it is rather an intrinsic property of YIG and attributed to the PMA. Our observation of HKS(T) at 
~75 K coincides with the VLSSE(T) peak (see Fig. 4.6 and its inset), pointing to an important fact 
that the PMA has a strong influence not only on the low field plateau but also on the saturated 
value of VLSSE. The sharp decrease in HKS below ~75 K can be attributed to the rotation of 
surface spins away from the perpendicular easy-axis direction. This is possible in a magnetic 
system composed of two different surface and bulk spin configurations like YIG. Due to the 
different temperature responses and alignments of the surface and bulk spins, there exists a 
temperature below which the surface spins are rotated away from their perpendicular direction 
by an internal magnetic field induced by the bulk spins, leading to a spin canting-like 
phenomenon. As a result, the total magnetization of YIG is reduced with lowering temperature 
below ~75 K, as shown in Fig. 4.6. Our results can be corroborated with those reported by Guo 
et al. [9], in order to explain the temperature dependence of VLSSE with its anomalies at ~175 K 
and ~75 K in the Pt/YIG system. According to the magnonic spin current model, with decreasing 
temperature the total number of magnons decreases while the effective thermal magnon 
propagation length increases. The decrease in magnon number and the increase in magnetic 
anisotropy with temperature result in the decrease in VLSSE in the high-temperature region of 125-
300 K, as a contribution to the LSSE from the magnon propagation length is less dominant for T 
> 125 K. The noted drop in VLSSE at T~175 K, associated with the sharp increase in HK and HKS, 
originate from the spin reorientation that occurs at the same temperature. With a further decrease 
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in the temperature (T < 125 K), however, the strong increase in the propagation length (also the 
strong increase in MS) contributes dominantly to the LSSE, leading to the increase in VLSSE at 75 
K < T < 125 K. At T < 75 K, the decrease in VLSSE is attributed to the decrease in the total 
number of thermally excited magnons and MS (Fig. 4.6) and the increase in HK (Fig. 4.5). Since 
the magnon propagation length has been shown to be almost independent of temperature below 
75 K, the positive contribution to the LSSE from the decreased HKS is less dominant in this 
temperature region.   
 Guo et al. also showed that the peak position in the temperature dependence of SSE shifts 
depending on the thickness of the sample [9]. This can also be explained in terms of our 
anisotropy results. As the thickness of the sample increases the effect of substrate strain due to 
the lattice mismatch on the sample decreases and changes the sample’s magnetic anisotropy. We 
have shown such results on 20 nm and 200 nm La0.7Sr0.3MnO3 thin films on a SrTiO3 substrate 
[37].  Here, we have performed the TS study on the single crystal YIG and compared it to that of 
10µm thick YIG films fabricated on GGG substrate. Similar to the YIG single crystal TS data, 
the thin films also showed two different anisotropic peaks corresponding to the  bulk and surface 
anisotropic peaks. This confirms the universality of non-collinear magnetic behavior between the 
surface and bulk spins in YIG irrespective of fabricating process. Figure 4.7 illustrates the 
temperature dependence of HKS for both the thin film and single crystal of YIG. The HKS is much 
larger for the single crystal, which explains the higher coercivity and saturating filed needed for 
this sample. Interestingly, the low-temperature peak position in HKS is shifted to a higher 
temperature for the case of the thin film. This allows one to clearly explain the shift observed in 
the SSE peak by Guo et al.  [9]. Similarly, we have observed that depending on the top layer 
material deposited on YIG, its surface anisotropy gets affected thus resulting in changes in the 
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peak position of LSSE. This result will be discussed in greater detail in Chapter 5, where effects 
of C60 on the magnetic anisotropy and LSSE in YIG/C60/Pt have been studied. 
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Figure 4.7 Temperature dependence of surface magnetic anisotropy for the 10 µm-thick film and 
single crystal of YIG. 
4.4 Summary 
In summary, the temperature dependences of LSSE voltage and magnetic anisotropy of bulk YIG 
slabs have shown that the sharp drop in VLSSE with respect to temperature at ~175 K is associated 
with a change in magnetic anisotropy, which originates from the spin reorientation transition in 
YIG. The VLSSE peak at ~75 K is also attributed to the surface PMA (HKS) and the MS whose 
peaks also occur in the same temperature range. These effects of surface and bulk magnetic 
anisotropies are corroborated with those of thermally excited magnon number and magnon 
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propagation length to explain the temperature dependence of LSSE in the Pt/YIG system. Our 
study also emphasizes the important role of magnetic anisotropy in the LSSE in YIG and 
validates the recent theoretical predictions about anisotropic SSE in magnetic materials, thus 
providing a new pathway for developing novel spin-caloric materials through the desired tuning 
of the magnetic anisotropy. 
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CHAPTER 5. TAILORING MAGNETIC ANISOTROPY AND GIANT SPIN 
SEEBECK EFFECT IN YIG/C60/Pt HETEROSTRUCTURES   
 
5.1 Introduction  
 Generating pure spin current has been the main challenge for realizing highly efficient 
spintronics devices [1]. Notable effects under study for attaining pure spin current are spin Hall 
effect (SHE), spin pumping mechanism [2,3], and spin Seebeck effect (SSE) [4,5]. In the last two 
approaches, pure spin current is generated in a ferromagnetic (FM) material (metal, insulator or 
semiconductor) and converted into a voltage via inverse spin Hall effect (ISHE) in a normal 
metal (NM) having large spin-orbit coupling. One of the most important parameters which 
determine the efficient spin transport at the interface between the FM and NM is spin mixing 
conductance [4].  
In the case of spin pumping, spin current can be expressed as 
𝐽𝑠 =
𝐺
2𝜋
1
2
ℎ𝜈𝑃 sin2 𝜃                                                                       5.1 
and in the case of SSE, spin current Js can be expressed as 
𝐽𝑠 =
𝐺
2𝜋
𝛾ℏ
𝑀𝑠𝑉𝑎
𝐾𝑏Δ𝑇,                                                                      5.2 
where G is the spin mixing conductance, 𝜈 is the microwave frequency, P is a correction 
factor, 𝛾 is the gyromagnetic ratio, Va is the magnetic coherence volume, Ms  is the saturation 
magnetization, and Δ𝑇 is the temperature difference between magnons in FM and electrons in 
NM. Hence from equation 5.2, it can be deducted that by controlling value of G, we can 
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effectively tune the spin current injection from FM to NM. The spin mixing conductance can be 
expressed as  
𝐺 = 𝐺𝑟 + 𝑖𝐺𝑖 ,                                                                              5.3 
where Gr and Gi are the real and imaginary parts of G. The real part of G is related to the in-
plane magnetic field torque and the imaginary part of G is related to the precession of spins due 
to the noncollinear arrangement of magnetization and injected spins [4]. Hence improving the 
value of G will directly result in the injection of more spins and larger spin transfer torque. In 
general (especially in case of the YIG/Pt structure) value of Gr is an order of magnitude smaller 
than that of Gi and can easily be measured from SMR experiments.    
 In the spin pumping experiments, it has been shown that the addition of an intermediate 
layer like antiferromagnetic NiO, between FM YIG and NM improves the ISHE signal, due to 
the reduced conductivity mismatch between the FM and NM [6]. Using the spin circuit model for 
magnon diffusion, Sayed et al. suggests that the high resistive layer attached to YIG can assist 
spin injection in spin funneling experiment [7]. Even though the SSE has been reported 
consistently in various materials, the generated voltage is very small for any technological 
applications. SSE voltage can be improved by optimizing independently the NM layer and the 
spin generating material. Recently, it has been reported that the SSE voltage can be enhanced by 
using multilayer [Fe3O4/Pt]n [8]. Spin transport through the material is limited by the spin 
diffusion length (𝜆). Materials with high spin orbit coupling like platinum (Pt), which is 
frequently used in SSE experiments have very small 𝜆 (~2nm). Although efficient spin transport 
through FM/NM interface is very important for the realization of efficient spin transfer, only 
little work has been done in effort of improving the spin conductance (G) at the interface. 
Inserting a non-ferromagnetic layer of Cu between YIG and Pt has been shown to decrease the 
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SSE signal, while the same Cu layer between YIG and W has increased the SSE signal [6]. This 
difference has been explained by the improvement of G in case of YIG/Cu as compared to that of 
YIG/W. Kikuchi et al. reported that the insertion of ultra-thin Fe70Cu30 between YIG and Pt has 
improved the moment density at the interface, leading to an overall improvement in SSE [9]. 
Similar results have been observed by inserting another ferromagnetic material NiFe between 
YIG and Pt as well. Recently, Lin et al. reported a significant enhancement of SSE in the 
YIG/NiO/Pt heterostructures [18]. This has been explained by the magnons and spin fluctuations 
in antiferromagnetic NiO. 
            In the last decade, organic semiconductors (OSC) have attracted a lot of attention in 
spintronics community, owing to their giant magneto-resistance (GMR) obtained in organic spin 
valve (OSV) structures [10,11]. One of the intriguing features of OSC that makes it potential for 
spintronics application is its low spin-orbit coupling, which causes weak spin scattering and 
hence a large spin diffusion length, 𝜆 [11]. It has been experimentally realized in OSC that 𝜆 can 
be of the order of several hundred nanometers [12,13]. Spin current injection and detection in 
OSC have recently been reported using spin pumping experiments [14-17]. Initial studies have 
used weak spin orbit coupling of the organic layer for obtaining ISHE voltage [14,15]. Lately, 
efficient spin transport using spin pumping across organic layers and generation of ISHE signal 
using a NM electrode was also accomplished [16,17]. However, thermal generation of pure spin 
current through SSE and its injection and detection using FM/OSC/NM interfaces has not been 
explored yet. It is anticipated that efficient transport of SSE signal across OSC will lead to 
significant improvement of the SSE voltage that fulfills the requirements of its spintronic device 
application.  
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 In this chapter, we present a new, effective approach that has utilized the superior 
advantages of ferromagnetic material/organic molecule/metal interfaces for improving SSE. A 
systematic study of the SSE and magnetic anisotropy in YIG/C60/Pt heterostructures, in which 
thickness of the C60 layer was varied from 5 to 50 nm, has been performed.  
5.2 Experiment 
 SSE measurements were performed on both single crystal and thin film forms of YIG. 
Single crystal YIG was purchased from Crystal Systems Corporation, Hokuto, Yamanashi, 
Japan, which was grown using Floating zone method along (111) direction. Surface sensitivity 
and other characteristics of this sample can be found elsewhere [3]. In case of the thin films, we 
have used the 7 µm thick sample grown on Gd3Ga5O12 (GGG) using liquid phase epitaxy. The 
film has a very smooth surface with a roughness of 0.12 ± 0.1 nm. This is clearly shown in the 
AFM image in Fig. 5.1a. Details of the preparation and characterisation of these high-quality thin 
films can be found in Ref. [5]. The films were deposited and provided by the research group of 
Prof Mingzhong Wu at Colorado State University, Fort Collins, USA. A very thin layer of OSC, 
C60 was deposited on top of YIG crystal/films, using the thermal evaporation method, by our 
collaborator Prof. Tho Nguyen’s group at the University of Georgia, USA. Figure 5.1b shows the 
SEM cross-section and EDX color map image of the 50 nm thick C60 deposited YIG slab. From 
the SEM image, it can be concluded that the C60 was evenly deposited on the surface of the YIG 
single crystal slab. 
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Figure 5.1 (a) AFM image showing the topological surface of the 7µm YIG thin film; (b) SEM 
and EDX images of the C60 deposition on the YIG single crystal. 
Figure 5.2 illustrates the measurement geometry and the spin transport through the 
YIG/C60/Pt layer. In the measurement set-up for the longitudinal SSE, the sample was 
a) 
C Kα1 Fe Kα1 
YIG C60 
b) 
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sandwiched between two copper (Cu) plates. A resistive heater was attached to the bottom Cu 
plate and top Cu plate temperature was controlled through molybdenum (Mo) screws attached to 
the cryogenic system. The desired temperature gradient between the top and bottom plate is 
achieved by varying the current to the heater. Silicon diode temperature sensors were used to 
monitor the temperature of the top and bottom plates. After stepping the system and heater 
temperature, the system was allowed to stabilize for 2 h before sweeping the magnetic field. The 
direction of the spin current is dictated by the direction of temperature gradient as shown in Fig. 
5.2. All the measurements were performed in LSSE configuration as depicted. The SSE voltage 
has been recorded as the magnetic field is swept between the positive and negative saturation of 
YIG, using Keithley 2182 voltmeter. 
 
 
Figure 5.2 Measurement gementry and spin current flow direction in the YIG/C60/Pt 
heterostructure. 
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5.3 Results and Discussion 
5.3.1 Spin Seebeck effect and magnetic anisotropy in YIG single crystal/C60/Pt 
 Figure 5.3 shows the LSSE voltage obtained from YIG/Pt and YIG/C60(5 nm)/Pt samples 
at 140 and 300 K. The low field anomalies (below 0.2 kOe) observed for all the samples were 
also reported in the literature for thick YIG samples [18]. Even though the microscopic origin of 
the low-field SSE effect is not fully understood, numerical simulations have shown that it can be 
explained when a perpendicular magnetic anisotropy is introduced near YIG surface.  
 
Figure 5.3 LSSE voltage vs. magnetic field loops for YIG/Pt at (a) 300K and (b) 140K, and for 
YIG/C60(5nm)/Pt at (c) 300K and (d) 140K.  
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It has also been shown that in the case of YIG films the anomaly disappears when the 
sample thickness is reduced below 5 µm, since the magnetic domain size in YIG is around 5 µm. 
It is interesting to note that even after the introduction of an intermediate C60 layer between YIG 
and Pt layer, the anomalous low field behavior is still persistent. This underlines the fact that the 
interface between the FM/NM or magnon propagation length has no effect on the unusual low 
field behavior of LSSE. Herein, the LSSE voltage has been calculated as the average of positive 
and negative peak voltage. It can be seen that at 300 K, YIG/Pt with no C60 layer has produced 
an ISHE voltage of 110 nV. When a 5 nm C60 film was introduced between the YIG and Pt 
interfaces, the ISHE signal increased to 190 nV. The enhancement of SSE voltage due to the C60 
intermediate layer became more prominent at low temperature. At 140 K, ISHE signal increased 
from 70 to 660 nV with the insertion of the 5 nm C60 thin film. As reported in our earlier work on 
the YIG single crystal, the SSE voltage shows a decrease in slope around 170 K due to the 
increase in effective magnetic anisotropy resulting from spin reorientation transition [19]. A 
contradictory behavior, i.e. an increase in the SSE voltage in the temperature dependence of 
LSSE is observed for the YIG/C60/Pt sample. This suggests a more dominant effect of C60 
deposition than the magnetic anisotropy on the SSE signal in the YIG/C60/Pt system.  
In order to understand the effect of C60 thickness on the LSSE signal and its temperature 
dependence, we have varied the thickness of the C60 thin film from 5 to 50 nm. LSSE signal 
obtained at 300 K and 140 K for samples with different C60 thicknesses are shown in Fig. 5.4a 
and 5.4b, respectively. At 300 K, the addition of the 5nm C60 layer improves VLSEE from 110 nV 
to 190nV. When the C60 thickness increases above 5 nm, a decrease in VLSEE is observed and at 
the 50 nm thickness the value of VLSEE becomes 50 nV. However, large improvements in VLSEE 
are observed at 140 K in YIG/C60/Pt for all the C60 thicknesses as compared to YIG/Pt. At 140 K, 
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VLSEE is significantly improved for the 5nm C60 layer as shown in Fig. 5.3, and with further 
increase in the C60 thickness, VLSEE constantly decreased, however even for the thickest C60 layer 
(50 nm), the VLSEE of YIG/C60/Pt is higher than that of YIG/Pt.  
 
 
Figure 5.4   LSSE voltage vs. magnetic field curves taken at (a) 300 K and (b) 140 K for 
YIG/C60/Pt with different thicknesses of C60. 
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It is interesting to note that even at such a high thickness (50 nm) of C60 film, the shape of 
the magnetic field dependent SSE voltage remains the same, suggesting that the spins were able 
to cross the interface and reach Pt. This also indicates that the mechanism of LSSE voltage 
generation remains the same with the introduction of the C60 intermediate layer. 
  
125 150 175 200 225 250 275 300
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 T (K)
 
 
V
L
S
S
E
 (

V
)
 0 nm
 5 nm
 10 nm
 30 nm
 50 nm
 
Figure 5.5 Temperature dependence of LSSE voltage for YIG/C60/Pt with different thicknesses 
of C60. 
 Figure 5.5 shows the temperature dependence of LSSE in YIG/Pt, YIG/C60(5 nm)/Pt, 
YIG/C60(10 nm)/Pt, YIG/C60(30 nm)/Pt, and YIG/C60(50 nm)/Pt. All measurements were 
performed from 300 to 140 K. At 300 K, a sample with no C60 layer has produced an ISHE 
voltage of 110 nV. When a very thin layer of 5 nm C60 was inserted between YIG and Pt, the 
ISHE signal increased to 190 nV. As the thickness of the C60 layer was increased the SSE 
voltage started dropping drastically. For the 10nm C60 layer, the SSE voltage was reduced by 
~25 % (80 nV) as compared to YIG/Pt, and it was further reduced as the C60 thickness increased. 
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For the 30 and 50 nm C60 thicknesses, the SSE voltage was reduced to 60 and 50 nV, 
respectively. It should be recalled that as the temperature was decreased, the LSSE voltage of 
YIG/Pt started decreasing with a slope change around 170 K. The slope change has been 
attributed to the effective magnetic anisotropy change in YIG [3]. At 140K, the LSSE voltage 
reached a value of 70 nV. On the other hand, all the samples with C60 layers have shown an 
opposite trend of the temperature dependence of LSSE voltage. For the C60 coated samples, up to 
200 K the LSSE voltage remained almost constant but below 200 K it started increasing 
exponentially with a different slope. It is clear that, as the thickness of C60 was reduced below 10 
nm, the LSSE voltage was improved drastically, and the sample with a 5 nm C60 thickness has 
exhibited a 800 % (660 nV) increase in the LSSE voltage as compared to the YIG/Pt at 140 K. 
The C60 thickness dependence on the LSSE voltage at 300 K and 140 K are shown in Fig. 5.6a. 
As mentioned above, at both temperatures, LSSE signal remarkably increased initially when the 
thickness was varied from 0 to 5 nm and then started decreasing exponentially with thickness. 
The LSSE signal normalized to the signal at 140 K is shown in Fig. 5.6b. The exponential 
rise of the LSSE signal below 200 K is evident from these plots. These data are fitted to an 
exponential function that can be used to describe the temperature dependence of the spin 
diffusion length of C60. An example of this fit is shown in inset of Fig. 5.6b. These results 
indicate that as the C60 thickness becomes smaller, number of spins that crossed the interface 
exponentially increased. The long spin diffusion length of C60 has indeed played a crucial role in 
promoting spin transport in YIG/C60/Pt. The strong increase of the LSSE voltage with 
temperature below 200 K is attributed to the strong temperature dependence of the spin diffusion 
length of C60 in this temperature region.   
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Figure 5.6 (a) C60 thickness dependence of the LSSE signal at 300 K and 140 K and (b) The 
normalized value of LSSE for different C60 thicknesses of YIG/C60/Pt. Inset of (b) shows the fit 
for the 5 nm C60 thickness.  
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The spin current generated at an YIG/Pt interface can be calculated from the following 
expression [20,21]: 
𝐽𝑠
𝑃𝑡/𝑌𝐼𝐺 
=
(𝑘∇𝑇𝑒
−(
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1
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 ,                                                         5.4 
where k is the spin current coefficient, ∇𝑇  is the temperature gradient, G is the spin current 
conductance, and 𝜆  is the spin diffusion length of the corresponding material. When we have 
introduced an organic layer in between the YIG and Pt, because of the exchange dominated spin 
transport mechanism in the organic material, spin current can be modified as 
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                      5.5 
where tC60 is the thickness of the C60 layer. Since it is difficult to obtain spin current magnitude 
from SSE measurements, we take the ratio of the spin currents in both cases for comparison 
purposes,  
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As given by the spin-wave approximation in [20,21], 𝐺 𝑃𝑡
𝑌𝐼𝐺
 is proportional to (T/TC)
3/2
 , where TC is 
the Curie temperature of YIG. Since TC of YIG is very high (~560 K), spin current injection 
certainly increases a thin layer C60 is inserted in between YIG and Pt. In the same approach, the 
insertion of an antiferromagnetic NiO layer between YIG and Pt has also been shown to increase 
the SSE signal [20]. However, one of the limiting factors in the case [20] was the very small 𝜆 of 
NiO, and as the hyperbolic function in the denominator of the equation increases for small 𝜆 that 
will result in reduction of spin current. In our case, 𝜆 is unquestionably high for C60. Spin 
hybridization-induced polarized states form at the interface when an organic material is 
deposited on a ferromagnetic material. Nevertheless, a proper model explaining the effect of a 
ferromagnet/OSC interface is still missing in the literature. It is generally accepted that hyperfine 
interaction and spin-orbit coupling are the main reasons for spin relaxation. Hyperfine interaction 
is minimal in the case of C60 because C
12, the most profuse isotope of carbon in C60, has no 
nuclear spins. The spin relaxation of C60 has been explained by the Elliott-Yafet mechanism that 
is also responsible for the material to have its large spin diffusion length [13,22]. 
 The spin diffusion length of C60 has been calculated from magneto-resistance (MR) 
response of LSMO/C60/Co/Al OSV’s [13,22]. The thickness of the C60 layer was varied, and the 
corresponding changes in MR have been noted. As the C60 layer thickness increased, MR 
responses started decreasing. By fitting the MR data to the Julliere model, it was possible to 
obtain the temperature dependence of spin diffusion length of C60. A detailed description of the 
fabrication of OSVs and calculation of 𝜆 can be found in previous works [13,22]. It has been 
reported that when temperature decreases below 200 K, 𝜆 starts increasing exponentially. The 
similar behavior has been shown by LSSE when C60 is inserted in between YIG and Pt interface. 
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All this confirms the role of 𝜆 in defining spin current in such materials. At the same time, the 
thickness of the C60 layer is increased, both the hyperbolic terms in equation 5.6 increases, 
resulting in an exponential decrease of the LSSE signal. 
 Our recent study has shown that the low-temperature peak in LSSE around 75 K (in the 
case of single crystal YIG) corresponds to the change in surface perpendicular magnetic 
anisotropy (PMA) [23]. Our work has conclusively proved that the surface PMA has a strong 
influence on VLSSE as it controls the surface magnetization. To understand the effect of an 
intermediate C60 layer on PMA, we have performed a detailed transverse susceptibility (TS) 
study on YIG, YIG/Pt, and YIG/C60/Pt structures. 
 It should be recalled that radio-frequency transverse susceptibility using a self-resonant 
tunnel diode oscillator with a resonant frequency of ~12 MHz with a sensitivity of 10 Hz has 
been developed and validated by our group over the years as a highly efficient tool for precisely 
measuring magnetic anisotropy in a wide range of magnetic materials [24-27]. Details of the 
measurement are included in the method section in Chapter 3. Figure 5.7a shows TS curves for 
YIG, YIG/Pt, and YIG/C60/Pt structures as dc magnetic field was swept from positive saturation 
to negative saturation at 200 K. As the field was swept from positive to negative saturation, the 
first peak corresponds to the bulk magnetocrystalline anisotropy field, HK and the second peak 
corresponds to the interfacial magnetic anisotropy (HKS) of the system. At 200 K, the observed 
HK for YIG, YIG/Pt, and YIG/C60/Pt are 690, 635, and 320 Oe, and HKS are 135, 90, and 450 Oe, 
respectively. The temperature dependence of HKS reassembles with VLSSE (T) (Fig. 5.7b); both of 
them show a peak around 75 K. The shift in the HKS (T) peak for YIG/C60/Pt as compared to 
YIG/Pt is in agreement with the earlier reports that have shown a similar shift in the VLSSE (T) 
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peak to the high temperature with the insertion of intermediate layers. These results further 
indicate an important role of interfacial magnetic anisotropy HKS on VLSSE (T). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 (a) Transverse susceptibly data obtained for YIG, YIG/Pt, and YIG/C60/Pt structures 
at 200 K and (b) Temperature dependence of HSK for YIG, YIG/Pt, and YIG/C60/Pt structures. 
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 Figure 5.7b shows that the insertion C60 has reduced HKS drastically in YIG/C60/Pt as 
compared to YIG/Pt. The decrease in HKS in YIG/C60/Pt could be due to the hybridization 
between the dz
2 orbital of Fe and C atoms, which results in a net increase of spin moments at the 
YIG surface [29]. Also, it has recently been shown that the stoner criteria for magnetism can be 
beaten in C60 by the metal-molecule interface and can induce a magnetic moment in the surface. 
Theoretical studies have shown that increase in surface magnetic moment density increases the 
spin mixing conductance [30]. This solemnly explains our observation of the enhanced VLSSE at 
room temperature in the case of YIG/C60/Pt as compared to YIG/Pt, when 𝜆𝑐60 is relatively small 
in the room-temperature region. 
5.3.2 Room-temperature SSE and magnetic anisotropy in YIG thin film/C60/Pt 
In order to understand the universality of this improvement in LSSE due to the 
ferromagnet/molecule/metal interfaces, we have fabricated the YIG thin film/C60/Pt structure 
using the 7 µm thick YIG film grown on GGG substrate. The same measurement protocol was 
applied, with the same temperature gradient created across the structure. Figure 5.8 shows the 
room temperature VLSEE vs H curves from both the samples. As can be seen in Fig. 5.8a, we have 
obtained the VLSEE of ~190 nV for the YIG/Pt structure. As expected from the previous sections, 
the introduction of a 5nm C60 layer in between YIG and Pt has indeed improved the VLSEE quite 
noticeably. The VLSEE has reached a maximum value of 250 nV at 300 K which constitutes an 
impressive 32% increase in the observed LSSE. These findings are of both fundamental and 
practical importance in developing novel materials for SSE-based spintronic devices.  
To examine if the effect of C60 deposition on the surface magnetic properties (surface 
magnetic anisotropy) of the YIG film is the same as that of the YIG single crystal, we have 
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performed room-temperature TS experiments on both the YIG film/Pt and YIG film/C60/Pt 
structures.  
 
Figure 5.8 SSE measurement on YIG thin film(7 µm)/Pt and YIG thin film(7 µm)/C60(5nm)/Pt 
at 300 K. 
 Figure 5.9 shows the TS spectra taken at 300 K for these samples. As anticipated, the TS 
data show different peaks corresponding to the surface and bulk anisotropies (HKS and HK 
respectively). The obtained value of HKS for YIG/C60 is approximately 13 Oe, which is very 
small compared to that of a single crystal (100 Oe), which can be understood from the low 
coercivity and saturating magnetic field of the film. The deposition of C60 on the surface of the 
YIG film has reduced HKS to 8 Oe. As explained in the previous section, in case of the 
YIG/C60/Pt system, the decrease in HKS and the increase in G are believed to give rise to the 
enhancement of the LSSE. Once the spin current crosses the interface, the long spin diffusion 
length of C60 facilitates it to reach the Pt layer without much degradation. Nevertheless, a 
detailed investigation into effects of C60 thickness on the LSEE voltage and the interface 
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properties of YIG/C60/Pt would be essential to fully understand the thermal-spin-transport 
mechanism in this system. 
 
Figure 5.9 TS spectra of YIG film/Pt and YIG film/C60/Pt at 300 K. 
 
 It has also been shown that the spin transport in an organic molecule is due to exchange 
interaction between the polaron [15]. A new model based on the magnon polaron formation in 
YIG has recently been proposed to explain an anomalous peak in the magnetic field dependence 
of SEE [31]. This coincidental similarity in the transport mechanisms could also be one of the 
reasons for the enhanced performance in YIG/C60/Pt structures. Further theoretical and 
experimental verdifications are required to elucidate the exact mechanism of the LSSE 
enhancement due to the insertion of C60 at YIG and Pt interfaces. 
5.4 Summary 
 We have shown the first experimental demonstration of pure spin current transport 
through an intermediate C60 molecule layer. LSSE experiments were performed in YIG/Pt with 
intermediate organic semiconductor C60 layer of various thicknesses to study the effect of the 
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large spin diffusion length of C60 on the spin transport across the YIG/Pt interface. Our results 
have demonstrated that the introduction of a thin C60 layer significantly enhances the LSSE 
voltage in YIG/Pt. The temperature dependence of LSSE shows a direct correlation with the spin 
diffusion length of C60. An 800% increase of the LSSE voltage at 140 K for the 5 nm C60 
intermediate layer has been achieved in YIG/C60/Pt as compared to YIG/Pt. These important 
findings provide a new pathway for improvement of SSE towards its practical spintronics 
application. 
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CHAPTER 6. SPIN SEEBECK EFFECT IN HIGHLY ANISOTROPIC 
CoFe2O4/Pt HETEROSTRUCTURES 
 
6.1 Introduction 
 Since the discovery of SSE in a ferromagnetic insulator YIG in 2010, the main 
concentration of the study has been on this particular material [1-3]. It is mainly because of its 
lowest Gilbert damping and absence of other spurious effects like ANE [4]. However, the highly 
complex crystal and spin structure of YIG represents one of the main problems towards a 
complete understanding of its SSE. It is therefore necessary to confirm the universality of the 
SSE in other types of materials. Indeed the SSE has been reported in a variety of materials, 
ranging from ferromagnetic metals (e.g., NiFe), ferromagnetic semiconductors (e.g., GaMnAs), 
Heusler alloys, to ferrites (e.g., Fe3O4, NiFe2O4, CoFe2O4, etc.) [5-11]. Having studied the SSE 
in the YIG/Pt and YIG/C60/Pt heterostructures systematically (Chapters 4 and 5), we demonstrate 
the important role of perpendicular magnetic anisotropy (PMA) at the surface of YIG in 
mediating the SSE signal. As shown and explained in Chapter 5, the introduction of a thin layer 
of OSC, C60, has altered the spin mixing conductance (G) at the interface between YIG and Pt, 
resulting in a great increment in the SSE signal even at room temperature. This has been 
attributed to the decrease in PMA in YIG/C60/Pt compared to YIG/Pt, due to the hybridization 
between dz
2 orbital of Fe and C atom that results in a net increase of spin moment at the YIG 
surface [12]. Similar ab initio calculations have shown that upon depositing C60 on top of a Co 
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thin film, the PMA has an opposite effect; the presence of C60 results in an increase in PMA and 
the reduction of the spin moment at the interface [12]. All this motivates us to test how C60 
deposition alters the G at the interface in case of CoFe2O4 (CFO) - an insulating ferromagnet 
with a large saturation magnetization and a large magneto-crystalline anisotropy, as C60 is now in 
contact with both Fe and Co ions. It should also be recalled from our previous study on the 
temperature dependence of SSE in the YIG/C60/Pt heterostructures (Chapter 5), the spin 
diffusion length of C60 is suggested to play an additional important role in enhancing the low 
temperature SSE. Since YIG itself shows a complex magnetic and SSE behavior at low 
temperature, this hypothesis must be verified experimentally on another insulating ferromagnet 
like CFO.  
 In this chapter, we choose to grow high-quality CFO film samples on the quartz crystal. 
The thin films which we grew have very high magnetization, which is greater than that of its 
bulk value. SSE studies on the CFO thin films will help us understand the fundamental 
characteristics of SSE and clarify the effect of the spin diffusion length of C60 on the SSE in such 
heterostructure systems.   
6.2 Experiment 
  For this study, the 275 nm CFO thin film growth on quartz crystal was prepared using the 
third harmonic of Nd: YAG laser. It was used with a 10 Hz repetition rate with 5 ns pulse width. 
The sample was prepared and provided by our collaborator Prof. Shiva Prasad at Indian Institute 
of Technology, Mumbai, India. A sintered Co ferrite target was used for the deposition. All 
deposition was performed at room temperature and the samples were later-annealed at 750 K for 
2 hours. The focused laser beam had an energy density of 2.5 J/cm2 during the deposition. 
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Details of the deposition and structural characterization of this film can be found in Refs. [13] 
and [14]. 
 
 
 
Figure 6.1 (a) AFM image of 10µm * 10µm for the grown 275 nm CFO film; (b) XRD patterns 
for CFO films of different thickness grown on quartz substrates (taken from [13]). 
(a) 
(b) 
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Figure 6.1a shows the AFM image of the film possessing a highly smooth surface. The 
good quality of the surface of the CFO film is crucial for interfacing it controllably with other 
materials like Pt and C60 as studied and reported in this chapter and Fig. 6.2b shows the XRD 
peaks confirming the CFO phase for different thickness of depositions.  
SSE measurements were performed in the longitudinal configuration as shown in Fig. 4.1. In this 
measurement set-up, the sample was sandwiched between two copper (Cu) plates. A resistive 
heater was attached to the bottom Cu plate and top Cu plate temperature was controlled through 
molybdenum (Mo) screws attached to the cryogenic system. The desired temperature gradient 
between the top and bottom plate was achieved by varying the current to the heater. Silicon 
diode temperature sensors were used to monitor the temperature of the top and bottom plates. 
After stepping the system and heater temperature, the system was allowed to stabilize for 2 h 
before sweeping the magnetic field. The SSE voltage has been recorded as the magnetic field is 
swept between the positive and negative saturation of YIG, using Keithley 2182 voltmeter. 
6.3 Results and discussion 
First we present and discuss about the magnetic data of the CFO film. Figure 6.2 shows a 
typical magnetization versus magnetic field curve (the M-H loop) for the CFO sample. 
Interestingly, the magnetization obtained in this film is much higher than that reported for bulk 
CFO. Highest 4πMs value for bulk target was 5300 G, while our films show a value of 6550 G 
[13,14]. This higher magnetization value of CFO is associated with the changed cation 
distribution compared to its bulk counterpart [14]. For example, theoretically, only Co2+ ions 
contribute towards the net magnetic moment. But depending on the fabrication conditions and 
quenching process, it results in canting of Fe3+ ions, which often leads to an increase in the net 
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magnetic moment [13,14]. Such high-quality thin films with high magnetization, anisotropy and 
coercivity would be very interesting to study for spintronics application. 
 It can be seen in Fig. 6.2 that the CFO film is a hard ferrimagnet with the saturated field 
value of around 8500 Oe. At the same time, its coercivity is around 1780 Oe, indicating a very 
high magnetic anisotropy in the system. These values are similar to the reported values for CFO 
thin films in the literature.  
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Figure 6.2 Hysteresis loop taken at 300 K for the grown 275 nm CFO thin film.  
Figure 6.3 illustrates the SSE voltage obtained for the CFO/Pt structure at room temperature for a 
temperature gradient of approximately 1 K. For comparison, the M-H loop is also displayed. It 
can be observed that upon increasing the applied field, HLSSE signal increases and follows the 
magnetization curve. Saturation of the SSE signal coincides with the saturation field of the 
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magnetization of the sample. Further increase in the applied field does not change the ISHE 
signal. 
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Figure 6.3 spin Seebeck signal for the CFO/Pt structure at room temperature (left) along with the 
M-H loop taken at the same temperature 300 K (right). 
This is unlike SMR, which is shown in the last section of this chapter. The maximum ISHE 
voltage obtained at room temperature is 290 nV, which is consistent with the values reported in 
the literature [15-16]. SSE measurements were performed at different temperatures and LSSE 
signals obtained at 300 K, 150 K and 100 K are plotted in Fig. 6.4a, b and c, respectively. The 
saturated value of VLSSE is defined as VLSSE = ∆V/2, where ∆V is the difference between 
maximum values of the positive and negative saturation. Accordingly, the temperature 
dependence of the saturated VLSSE is illustrated in Fig. 6.4d. We should note herein that the LSSE 
results were obtained from the magnetic field sweep at different temperatures rather than 
temperature sweep at the fixed magnetic field. The former approach usually gives better 
accuracy as the temperature fluctuation is minimal. We have observed that even a 0.1 K 
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temperature fluctuation can result in a huge fluctuation in the ISHE signal on Pt. This could 
explain the high noise level of the LSSE data observed at ambient temperature. Upon decreasing 
the temperature from 300 K, we have observed that LSSE signal only slightly increased until ~ 
150 K. Below that temperature, the trend has reversed and the LSSE signal started decreasing 
with lowering temperature. This kind of behavior has recently been reported in CFO/Pt by Guo 
et al. [15].  
 
Figure 6.4 Spin Seebeck signal in the CFO/Pt structure at (a) 300 K, (b) 150 K, and (c) 100K. 
(d) shows the temperature dependence of SSE. 
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A similar tendency has also been reported for another material of similar category, NiFe2O4 
(NFO), although NFO is a ferrimagnetic semiconductor as opposed to the insulating ferrimagnet 
CFO [10]. It was previously noticed that the temperature dependence of conductivity in NFO did 
not follow exactly that of SSE, raising up an important question about the low temperature SEE 
behavior [10]. One possible explanation given was that SSE in this material was controlled by 2 
parameters; (i) thermally generated magnons and (ii) magnon diffusion length.  
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Figure 6.5 spin Seebeck signal for the CFO/Pt structure at room temperature. 
At higher temperatures, number of thermally generated magnons remains relatively constant. But 
as temperature decreases the number of magnons reduces considerably. At the same time, the 
magnon diffusion length which specifies how far magnons can travel in CFO before reaching Pt 
is in the range of a few hundred nm similar to that of YIG. In general, the magnon diffusion 
length follows a 1/T temperature dependence and increases drastically at low temperatures 
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[15,17]. However, CFO used in our case is 275 nm thick, which is within the magnon spin 
diffusion length at all temperatures. Accordingly, we can assume that the main contribution to 
SSE comes from the variation in the number of thermally generated magnons. This means that as 
the temperature decreases below 150 K, the number of magnons has reduced significantly, thus 
resulting in the drop of the SSE signal at low temperatures. 
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Figure 6.6 Temperature dependence of SSE in CFO/Pt and CFO/C60/Pt heterostructures. 
 In order to understand how C60 has altered the spin mixing conductance G at the interface 
between CFO and Pt and hence the LSSE, we have deposited 5nm C60 on top of CFO (the 5 nm 
thick layer of C60 was chosen because it showed the largest LSSE signal for the YIG/C60/Pt 
system as reported and discussed previously in Chapter 5). LSSE measurements on the 
YIG/C60/Pt heterostructure were performed exactly in the same conditions, with the same 
thermal gradient used for CFO/Pt. Figure 6.5 shows the VLSSE vs. H curve obtained at room 
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temperature for CFO/C60/Pt. The shape of the loop and the saturation values remain similar to 
those of the CFO/Pt system (see Figure 6.3), indicating the LSSE signal is indeed originated 
from CFO.  
Figure 6.6 shows the temperature dependence of the saturated VLSSE for both CFO/C60/Pt and 
CFO/Pt systems. We have noticed a considerable decrease in the ISHE signal of CFO/C60/Pt as 
compared to CFO/Pt at high temperatures. The maximum VLSSE voltage obtained at room 
temperature is approximately 200 nV for CFO/C60/Pt as opposed to 290 nV obtained for CFO/Pt. 
This is opposite to the case of YIG with C60 in which the addition of C60 was found to increase 
the VLSSE of YIG/Pt in the whole temperature range (10 – 300 K). That reduction in the signal 
shows that the G at the interface has affected the signal rather badly. This can be explained again 
with the help of C60 hybridization with the metal ions. In case of YIG in the previous chapter, we 
have seen that the hybridization between the dz
2 orbital of Fe and C atoms resulted in a reduction 
of surface magnetic anisotropy, which results in a net increase of spin moment at the YIG 
surface and increased the resultant G at the interface. On the contrary, ab initio calculation has 
shown that depositing C60 on Co thin films will induce an out of plane anisotropy due to the 
hybridization of the dz
2 orbital of Co and C atoms in C60 and resulted in the reduced spin moment 
at the surface [12]. In case of CFO, which has both Co and Fe atoms, it presents both scenarios 
and net effective anisotropy will depend on the deposition parameters of C60. In that case, we 
expect only a moderate change in G which did not result in improvement of the ISHE signal at 
room temperature. 
  In order to compare with the temperature evolution of SSE with that of the YIG/C60/Pt 
structure, we have performed LSSE measurements at different temperatures for the CFO/C60/Pt 
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structure. Figure 6.6 shows the temperature dependent behavior of LSSE signal in this structure 
in comparison with that of the structure without C60. This plot can be divided into two regions: 
(i) from 300 K to 150 K and (ii) at low temperatures. In region (i) both the curves almost 
followed a similar trend. As the temperature started decreasing, the LSSE signal started 
increasing slightly, mainly due to the magnon spin diffusion length enhancement. The LSSE 
signal from CFO/C60/Pt is continued to be below the VLSEE obtained for CFO/Pt in this region. 
On the contrary, a reversed trend has been observed in the region (ii). While the structure without 
C60 has started dropping below 150 K, due to the reduction in thermally generated magnons, the 
insertion of C60 has caused a continued increase in ISHE signal from Pt. Around 150 K, ISHE 
voltage from CFO/C60/Pt has crossed the VLSEE obtained from CFO/Pt and given a significantly 
improved signal below that temperature as compared to its counterpart. A possible explanation 
for such behavior is the temperature dependence of the spin diffusion length (𝜆) of C60. 
 Spin hybridization-induced polarized states form at the interface when an organic 
material is deposited on the ferromagnetic material. In general, hyperfine interaction and spin-
orbit coupling are the main reasons for spin relaxation in organic materials. But hyperfine 
interaction is minimum in case of C60 because C
12 - the most profuse isotope of carbon in C60 has 
no nuclear spin. The only main cause of spin relaxation in C60 is reported to be an Elliott-Yafet 
mechanism, which leaves the material to have very large 𝜆. Spin diffusion length in C60 has been 
calculated from the magneto-resistance (MR) response of LSMO/C60/Co/Al OSV’s [18,19]. The 
thickness of the C60 layer was varied and the corresponding change in MR was noted. As the C60 
layer thickness increased, MR response started decreasing. By fitting the MR response to the 
Julliere model, we have obtained the temperature dependence of the spin diffusion length.  
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 Figure 6.7 shows the temperature dependence of 𝜆 obtained on C60 fullerene along with 
the temperature dependence of LSSE in the CFO/C60/Pt structure. Interestingly, C60 shows a 
strong temperature dependence of 𝜆 with an exponential increase below 150 K. This behavior is 
reported before in C60 and consistent with our data. A similar slope change in both 𝜆𝑐60 and SSE 
temperature dependence indicates a correlation between the parameters. Hence, we could assume 
that the modification of G at the interface has resulted in more magnons crossing the YIG 
interface. Once it crossed the surface and reached C60, the increased 𝜆 in C60 at low temperatures 
helped the spins reach the Pt layer and resulted in the increased ISHE voltage. 
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Figure 6.7 Temperature dependence of spin diffusion length in C60 (adapted from [18]) and 
LSSE signal for CFO/C60/Pt. 
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6.4 Spin Hall magneto-resistance effect 
The simultaneous existence of SHE and ISHE in a similar material leads to a new type of 
magneto resistance called SMR [20-21]. Theoretical details of this fascinating effect are 
explained in chapter 2. 
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Figure 6.8 (a) SMR measurement set-up; (b) ADMR measurement plot at 300 K for the CFO/Pt 
heterostructure. 
(a) 
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Since the discovery of SMR in 2013 [20], the main focus of this research was the YIG/Pt 
structure due to its lowest damping among the magnetic materials (details of SMR in YIG/Pt will 
be discussed in Chapter 7). However, it is also important to understand this effect in other 
ferro/ferrimagnetic insulating systems. Here, we have measured the SMR effect in the CFO/Pt 
structure. The 275 nm CFO thin films are deposited on a quartz substrate as described in the 
previous section via PLD and platinum hall bars are deposited using dc sputtering. SMR 
measurements were performed in the longitudinal direction as shown in Fig. 6.8a. Charge current 
Jc of magnitude 1 mA is passed through the Pt hall bar and the angle between applied magnetic 
field H and Jc, α, is varied from 00 to 900. Figure 6.8b shows the angle-dependent magneto-
resistance (ADMR) measurement performed at room temperature. The magnetic field is varied 
up to 0.5 T. It has shown a non-saturating behavior as expected. This longitudinal ADMR can be 
quantified using 
 𝜌𝑥𝑥 = 𝜌 + 𝜌0 + Δ𝜌1(1 − 𝑚𝑦
2),                                               6.1  
where 𝜌 is the bulk resistivity of the metal and my is the component M 
 Δρ
ρ
= −
θ𝑆𝐻
2 2𝜆
𝑑
tanh
𝑑
2𝜆
 ,                                                  6.2 
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where 𝜃𝑆𝐻 is the spin Hall angle, 𝜆 is the spin diffusion length, N is the metal thickness, and Gr is 
the real part of the spin mixing conductance G.  
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 One of the main anomaly and controversies regarding the SMR signal is the proximity 
induced magnetism. Since Pt is in the limit of stoner instability criteria, the presence of a strong 
ferromagnetic material (CFO) could induce a moment into Pt and this could lead to some change 
in magneto-resistance. Especially, when Fe interface comes in contact with Pt, it has been shown 
to induce a moment due to the static proximity effect [22].  
In order to elucidate this, we have deposited 5nm of C60 on top of CFO as explained in the 
previous section and the Pt Hall bars are deposited on top of that. Upon repeating the 
longitudinal SMR measurement on the CFO/C60/Pt structure under a similar condition, we have 
obtained the ADMR signal as shown in Fig. 6.9.   
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Figure 6.9 ADMR measurements taken at 300 K for the CFO/C60/Pt heterostructure. 
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It can be observed that the SMR behavior of the CFO/C60/Pt structure is similar to that the 
CFO/Pt structure but with a reduced magnitude. At room temperature, CFO/Pt has reached a 
maximum resistance change of 100 mΩ, while CFO/C60/Pt has shown a maximum change of 70 
mΩ. This difference could be explained by the changes in the spin mixing conductance, G as 
explained in the case of SSE [23,24]. It is important to recall that the SSE also showed an 
approximately similar reduction of 20-30 % in SSE at room temperature, when inserted with 
5nm C60. In order to investigate if the increase in the spin diffusion length (𝜆𝐶60) of C60 will 
improve the SMR signal at low temperature, similar to that of SSE, further SMR studies at low 
temperatures are needed. Nevertheless, our results have shown that the persistence of SMR even 
with 5nm of C60, which is a very weak diamagnet, can completely rule out the proximity effect. 
Manipulation of G using OSC can lead to efficient reflection and absorption of spins from the 
interface, paving the way for SMR enhancements.  
6.5. Summary 
We have systematically studied the SSE in CFO thin films deposited in quartz substrates via 
pulsed laser deposition, as well as the effect of C60 deposition on CFO-Pt interface on the ISHE 
signal from Pt. At room temperature, we have observed a reduction in SSE in CFO/C60/Pt, 
mainly due to the reduction in the spin mixing conductance. A temperature-dependent study of 
CFO/Pt shows a slight increase from 300 K to 150 K and a reduction below that temperature due 
to decrease of thermally generated magnons. On the other hand, the temperature dependent SSE 
in CFO/C60/Pt has continued to increase below 150 K, which is attributed to the exponential 
increase of the spin diffusion length (𝜆) of C60 at low temperatures. A comparative study of SMR 
in CFO/Pt and CFO/C60/Pt has shown that SMR persists even in presence of a 5nm intermediate 
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C60 layer. We have demonstrated an efficient spin transport in organic semiconductor, and 
depending on its effect on surface magnetic anisotropy and G, it could be effectively used to 
manipulate the SSE signal and SMR in different ferromagnetic insulators. 
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CHAPTER 7.  SPIN HALL MAGNETO-RESISTANCE AND ANOMALOUS 
NERNST EFFECTS IN MAGNETIC OXIDE/METAL SYSTEMS 
7.1 Spin Hall Magneto-resistance Effect and Its Association with SSE and Magnetic 
Anisotropy in YIG/Pt 
7.1.1 Introduction 
 Spin-orbit coupling (SOC) is the main reason for most of the important magnetic 
phenomena especially in spintronics (Giant magneto resistance, Anomalous Hall effect, Spin 
Hall effect, etc.) because it couples spin and charge of the electron [1-3]. Among them, the spin 
Hall effect (SHE) has recently attracted a lot of attention due to its potential applications. In a 
nutshell, the SHE converts charge current to spin current. The Onsager reciprocal of SHE is an 
inverse spin Hall effect (ISHE), which converts a spin current (JS) into the charge current (JC) [2-
3]. It has already been shown that SSE voltage is extracted using ISHE voltage generated in a 
heavy metal. As detailed in Chapter 2, when SHE and ISHE coexist in the same metal, it leads to 
a new type of magneto-resistance described as spin Hall magneto-resistance (SMR) [4-6]. When 
JC is passing through a metal with a high spin-orbit coupling (in most cases, Pt), because of SHE 
it coverts JC into JS in which spin polarization vector, 𝜎 is parallel to the surface. Now when this 
spin current reaches the surface, it gets reflected back into the material and during its back flow, 
it again gets converted into charge current JC by ISHE. This charge current is now added to the 
original flow of charge current. For instance, when a ferromagnetic insulator, YIG, is attached to 
Pt as shown in Fig. 7.1, the backflow of the spin current from the interface is controlled by the 
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magnetization state in YIG. When 𝜎 is parallel to magnetization M in YIG backflow of JS is at 
maximum. But when as the angle between them changes, portion of the spin current is being 
absorbed as spin transfer torque in YIG. Hence the resistance R becomes maximum when 𝜎 is 
perpendicular to M and minimum when 𝜎 is parallel to M. This change in resistance is referred to 
as SMR.  
A theoretical model for SMR has been given by Chen et al. and is well received [5]. However, 
this model has not reached a complete consensus on the low-temperature behavior of SMR for a 
YIG/Pt system. Different groups have reported upon the low-temperature behavior of SMR, 
which monotonously increases from ambient temperature to its Curie temperature (TC) [7-8]. 
However, at low temperatures, conflicting results have been reported. Meyer et al. [8] reported a 
continuous decrease in the SMR value from 300 K down to 10 K. It was slightly surprising as the 
low thermal fluctuation would expect to increase SMR at low temperatures. This behavior was 
explained by extracting different parameters like spin diffusion length (𝜆) , spin hall angle 𝜃𝑠ℎ, 
and spin mixing conductance (G) from the SMR data. While G and 𝜆 remained constant in the 
fitting, 𝜃𝑠ℎ decreased continuously from 300 K to 10 K, and this was thought to be a main cause 
for the observed SMR behavior. At the same time, other studies have shown that the SMR 
increased as lowering temperature from 300 K to 100 K and reached a peak value below which 
the SMR was decreased with temperature [9]. This behavior was explained by considering the 
temperature dependence of 𝜆 in Pt. On the other hand, this model has assumed the contributions 
from the temperature dependences of 𝜃𝑠ℎand G are negligible. Spin relaxation in Pt is governed 
by Elliot- Yafet spin orbit scattering model [9]. But the Elliot Yafet mechanism is more of bulk 
effect rather than an interface effect while the SMR characteristics are highly governed by the 
FM/NM interface. Using such a model to fit SMR data, 𝜆 value was found to vary from 0.5 nm 
127 
 
to 4 nm over the temperature range. On the other hand, Pt spin diffusion lengths from previous 
studies have yielded values that varied between 1.5 nm to 12 nm. This clearly shows that the 
SMR fitting using Elliot- Yafet spin orbit scattering model is off by a factor of 3 [9]. A recent 
review article on SMR has also emphasized the need for investigating the low temperature 
behavior and mechanism of SMR [7]. In this chapter, we present a systematic study of the 
temperature dependence of SMR and based on our previous findings on the temperature 
dependence of SSE and magnetic anisotropy (Chapter 4) we have established for the first time 
the correlation between the SMR and SSE and their association with the magnetic anisotropy in 
the same system of YIG/Pt. 
7.1.2 Experiment 
SMR measurements were performed on YIG single crystal (the similar sample was used in 
Chapters 4 and 5). Pt hall bar structures were deposited on the top with the help of shadow masks 
using dc sputtering. Angle-dependent magneto resistance (ADMR) can be measured in the 
longitudinal or transverse direction. When the resistance is measured parallel to the charge 
current flow, it is called a longitudinal ADMR, and when it is perpendicular it is termed as the 
transverse ADMR. Both the measurement configurations are illustrated in figure 7.1. Since our 
interest is in the temperature dependence of SMR, we only discuss longitudinal ADMR 
measurements in the remaining sections. 
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  Figure 7.1 Measurement geometry for (a) Longitudinal Angle dependent magneto- resistance 
(ADMR) and (b) Transverse ADMR. 
7.1.3 Results and Discussion 
  As shown in Fig. 7.1a, angle between the applied magnetic field and charge current, α, is 
varied from 0 to 900. Figure 7.2 shows the resistance change obtained when α is zero degree and 
90 degrees. In both directions, the ADMR signal saturates approximately around 500 Oe which 
is the saturated field for the YIG crystal used. As the applied magnetic field (H) was sweeping 
from positive saturation to negative saturation, when H was parallel to JC, resistance started 
increasing. Interestingly, below 300 Oe, we have observed a low field anomaly as reported by 
Wu et al [10] and it is similar to the low field anomaly observed in the case of SSE as shown in 
Fig. 4.2. In the case of SSE, this behavior was attributed to the in-plane easy axis magnetic 
anisotropy of the YIG crystals [11]. This finding points out the important role of surface 
magnetic anisotropy in controlling the SMR analogous to the previously observed SSE. 
The SMR can be quantified using the equation, 
 𝜌𝑥𝑥 = 𝜌 + 𝜌0 + Δ𝜌1(1 − 𝑚𝑦
2),                                                  7.1  
where 𝜌 is the bulk resistivity of the metal and my is the component M 
129 
 
 Δρ
ρ
= −
θ𝑆𝐻
2 2𝜆
𝑑
tanh
𝑑
2𝜆
 ,                                                    7.2 
 
 
 
Δρ1
ρ
≈
θ𝑆𝐻
2 𝜆
𝑑
 2𝜆𝐺𝑟
𝑡𝑎𝑛ℎ2 (
𝑑
2𝜆)
𝜎 + 2𝜆𝐺𝑟 coth
𝑑
𝑁
 ,                                      7.3 
 
where 𝜃𝑆𝐻 is the spin Hall angle, 𝜆 is the spin diffusion length, N is the metal thickness and Gr is 
the real part of spin mixing conductance G.  
 
Figure 7.2 Longitudinal SMR changes when the applied magnetic field (H) is (a) parallel and (b) 
perpendicular to charge current Jc (α is 00 and 90o); (c) shows the compiled plot.  
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The Longitudinal ADMR can be approximated as [13] 
Δ𝜌𝐿
𝜌0
=
𝑅𝑙(0
0) − 𝑅𝑙(90
0)
𝑅𝑙0
                                                             7.4 
which is termed as the SMR amplitude. In order to understand the temperature evolution of 
SMR, we have performed ADMR measurements at different temperatures from 20K to 300K. 
The result obtained is shown in Fig. 7.3. The behavior was consistent with reports produced by 
other research groups [9]. SMR amplitude started increasing as temperature was decreased and 
reached a maximum value around 80 K. Upon further decrease in temperature, the SMR 
amplitude drops monotonously. Such a behavior was strikingly similar to the temperature 
dependence of SSE as shown in Fig. 4.5.  
 
Figure 7.3 Temperature dependence of the normalized longitudinal ADMR, 
ρL
ρ0 
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This has highly prompted us to investigate the correlation between SSE, SMR, and anisotropy in 
the same FM/NM structure. 
 
Figure 7.4 (a) SSE signal at 300 K and (b) Temperature dependence of SSE from 10 K to 300 K. 
 
  After cleaning the polished surface of YIG with acetone and IPA, we deposited a Pt Hall 
bar on one side of the single crystal and the ~5nm Pt strip on the other side for SSE 
measurements.  Unlike the SSE measurements in Chapter 4, we have used the multifunctional 
transport probe which is housed inside the PPMS for both SSE and SMR measurements. This 
gives us the capability to reach up to 10K with a maximum of the 7T applied field. The details of 
the measurement setup are given in Chapter 2. Figure 7.4a shows a typical SSE signal obtained 
for the given sample at 300K and 7.4b shows its temperature dependence down to 10K. Similar 
to the previously reported behavior [12], SSE signal increased as the temperature was decreased 
from 300 K to 80 K and an opposite trend was observed for lower temperatures. A peak SSE 
voltage is obtained at 80K as expected. After the complete measurements of SSE and SMR, we 
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have used the same sample to study the transverse susceptibility as a probe of surface anisotropy 
field HKS as explained in Chapters 4 and 5. 
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Figure 7.5 Temperature dependence of the normalized longitudinal ADMR, 
ρL
ρ0 
 , the longitudinal 
spin Seebeck effect (LSSE), and the surface anisotropy (HKS). 
 
 Figure 7.5 shows the temperature dependence of SSE, SMR and surface anisotropy (HKS) 
in a similar scale. We can divide the entire plot into two regions: (i) from 300 K to 80 K and (ii) 
80 K to 10 K. In region (i), all three parameters tend to increase as we go from high to low 
temperature. However, SSE and SMR show an exponential increase in this range while HK 
follows a more linear temperature dependence. This could be explained by the temperature 
dependence of the spin Hall angle (𝜃𝑠ℎ) and spin diffusion length (𝜆) in Pt. Both of these 
parameters along with the spin mixing conductance (G) are highly crucial in determining the 
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obtained signals of SSE and SMR. We expect G to be temperature independent or weakly 
dependent as compared to the other two factors in this scneario. 𝜃𝑠ℎ, which is governed by the 
ratio of spin conductivity to Pt conductivity, could be temperature dependent as reported by 
different groups [9]. Assuming Elliot Yafet model of spin relaxation in this system, 𝜆 is inversely 
proportional to the temperature mainly due to the temperature dependence of phonon scattering. 
Similar effects of these two parameters in SSE and SMR lead to the comparable exponential 
behavior in the region (i) as seen in Fig. 7.5, a slight slope change in SSE around ~170 K is 
attributed to the spin reorientation that occurs in YIG at that temperature as explained in Chapter 
4. At the same time, surface anisotropy filed HKS varies in this region as expected from a Stoner 
Wohlfarth particle. However, as the temperature reaches around 100K, non collinear 
magnetization between bulk and surface spins of YIG yield a peak in anisotropy and this is 
directly reflected in both SMR and SSE. In region (ii), all the three parameters (SSE, SMR, and 
HK) drop linearly with lowering temperature below ~80 K. This stipulates the relatively less 
dominant role of  𝜃𝑠ℎ, and 𝜆 in this region as HKS varies similarly even in the absence of Pt (the 
only difference being HKS peak value shifts depending upon the influence of the top layer on the 
surface). 
 Through the detailed discussions in Chapter 4, we have contradicted the phonon magnon 
theory and have shown that the low-temperature peak (80K) can be attributed to the noncollinear 
magnetization between the surface and bulk of the YIG crystals.  One of the supporting and 
motivational reasons for the study was the temperature difference between the peak in thermal 
conductivity and SSE in the case of YIG [12,13]. Interestingly, very recently there has been 
another study showing that, when the temperature is measured directly from the sample surface 
using a new approach instead of taking it from the contact layers, the temperature gap between 
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the thermal conductivity and SSE peak has reduced considerably [14]. With further analysis, 
Iguchi et al have concluded that the pure thermal magnon theory of LSSE is not completely 
appropriate and a need for looking back into the phonon-mediated magnon excitation theory. Our 
systematic study as presented in this chapter has shown that similar to the SSE, the SMR also 
peaked at the same temperature along with the surface anisotropy field. Phonon magnon drag 
which has been predominantly proposed in SSE theory due to the applied thermal gradient and 
its similarity with thermo power. The SMR peak at the same temperature, where there is no 
temperature gradient, can rule out the possibility of phonon assistance for achieving higher SSE 
values.  
 During the time of this study we have come across a report by Flaig et al [15] about the 
temperature dependence of magnetic damping in YIG. The linear increases of Gilbert damping 
parameter and of the full width half maximum (FWHM) linewidth from 300K to 100 K have 
been explained well by the theories of Kasuya and Lecraw [16] and later modified by 
Cherepanov et al. [17]. However, both the theories failed below 100 K when the experimental 
results have shown a low-temperature peak in linewidth measured in a constant field. The 
theories also failed to accommodate the shift in the peak points with higher frequency. Both 
these experimental deviations have been explained using impurity concentration in the YIG 
sample. Relaxation mechanisms with impurities could be much different from that of pure YIG 
and this may lead to the different behavior at low temperature. Nevertheless, difficulties in 
obtaining modeling parameters for the impurities have raised several questions about these 
methods and a proper consensus cannot be reached. However, our results in this chapter can be 
extended to explain this low-temperature behavior similar to the explanation given for SSE and 
SMR. Noncollinear magnetization dynamics and different temperature responses between bulk 
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and surface spins of YIG can caused spin canting behavior and a different surface anisotropy as 
compared to bulk anisotropy. Changes in anisotropy possibly excite more spin waves, similar to 
the recently observed voltage controlled magnetic anisotropy (VCMA) excitation of spin waves 
in ferromagnetic metals [18]. The resonant frequency and anisotropy field relation is given by, 
[15] 
𝑓𝑟110 =
𝛾
2𝜋
𝜇0(𝐻𝑎𝑝𝑝𝑙𝑖𝑒𝑑 + 𝐻𝐾)                                                                 7.5 
𝑓𝑟440 =
𝛾
2𝜋
𝜇0 (𝐻𝑎𝑝𝑝𝑙𝑖𝑒𝑑 + 𝐻𝐾 +
𝑀𝑠
9
) ,                                                    7.6        
where 𝑓𝑟110 and 𝑓𝑟440 are the resonant frequencies for mode 110 and 440, respectively, 𝛾 is the 
gyromagnetic ratio Happlied is the applied electric field and HK is the magnetic anisotropy field. 
Shifting of the linewidth with frequency can also be understood from these results. However, a 
more microscopic analysis and models are required to fully understand the relaxation 
mechanisms in this system. 
 
7.2 Anomalous Nernst Effect in Nd0.6Sr0.4MnO3/Pt 
 
7.2.1. Introduction  
From the direct observations of SSE in ferromagnetic metals, insulators, and semiconductors 
[19-21], it has been predicted that the origin of this fascinating effect is from magnon [22]. But 
when it comes to measurement of SSE in ferromagnetic metals such as NiFe, it has shown that 
other spurious signals such as Planar Nernst effect (PNE) and anomalous Nernst effect (ANE) 
contribute to the measured SSE. In case of the longitudinal SSE (LSSE) main anomalies come 
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from ANE [23]. The temperature dependences of (ANE) and SSE studied in both the single 
crystal and thin film of Fe3O4 have also revealed strong decreases in the ANE and SSE voltages 
at temperatures below the Verwey transition temperature ~ 125 K, at which the material 
undergoes a cubic (metal) high-temperature to monoclinic (insulator) low-temperature transition, 
and below which the magneto crystalline anisotropy is found to suddenly increase as well. Due 
to the coexistence of both ANE and SSE in Fe3O4, however, it was not possible to decouple the 
SSE from the ANE, and consequently, the temperature evolution of SSE could not be directly 
related to that of the magnetic anisotropy. Since in most of the cases, contribution from ANE 
dominates the signal, it is essential to understand the fundamental behaviors of this effect and 
distinct it from the SSE. 
 As already introduced in Chapter 2, doped manganites have attracted a lot of interest in 
the magnetic community for several decades owing to its colossal magneto-resistance (CMR), 
half-metallicity, and magneto caloric effects (MCE) [24-25]. Bui and Rivadulla have recently 
reported that in the case of LSMO, ANE dominates over SSE, when measured for LSSE [26]. In 
order to understand if it is a common phenomenon in perovskite structures, we have 
systematically performed spin transport and spin-thermal-transport measurements on 
Nd0.6Sr0.4MnO3 (NSMO) thin films of different thickness grown on different substrates. 
7.2.2 Structural, magnetic and electrical properties 
As a means to methodically understand ANE and SSE, we have deposited 80 nm and 50 nm of 
NSMO on SrTiO3 (STO) and LaAlO3 (STO) substrates using pulsed laser deposition (PLD). 
Similar optimization and characterization has been done on NSMO deposited on both STO and 
LAO substrates. Considering the orthorhombic crystal structure the lattice parameter of 
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Nd0.6Sr0.4MnO3 is a =0.55756 nm, b =0. 52874 nm c = 0.77225 nm. If we consider it as 
pseudo- cubic structure for simple lattice mismatch calculations, lattice constant will be 0.3861 
nm. Lattice parameters of LAO and STO are 0.3789 nm and 0.03905 nm respectively which is 
very close to the value of NSMO and are promising for efficient epitaxial growth. In general, 
NSMO on LAO yield a compressive strain of 1.9 % and NSMO on STO yield a tensile strain of 
1.1 %. Figure 7.6 (a) and (b) shows the temperature dependence of magnetization for NSMO 
films gown on LAO and STO substrates for 50nm and 80 nm thicknesses. The Curie temperature 
(Tc) is determined to be around 250 K for this composition. 
 
Figure 7.6 Temperature dependence of magnetization in (a) 80nm NSMO on LAO and STO (b) 
50nm NSMO on LAO and STO.  Temperature dependence of resistance for (c) 80nm NSMO on 
LAO and STO, and for (d) 50nm NSMO on LAO and STO. 
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Temperature dependence of resistance is also plotted in Fig. 7.6(c) and (d). A well-known metal-
insulator transition is observed around Tc on all samples. As the thickness of the sample is 
reduced from 80 nm to 50 nm, the metal-insulator transition temperature and Tc have shifted to 
left. This is mainly because of the increase in substrate-induced strain and increased magnetic 
anisotropy as the thickness is reduced. 
 7.2.3 SSE and ANE characterizations 
 Measurement geometry is similar to that of LSSE described in previous chapters. ∇T of 
approximately 1K is applied perpendicularly to a magnetic field (H) and the resultant voltage is 
measured perpendicularly to both temperature gradient and field. For the measurement of SSE, 
we deposited 10nm of Pt on top of the sample. Interestingly, samples with and without Pt on top 
produced a similar magnitude of voltage which indicates ANE largely dominates over the SSE in 
this system. Here, ANE in such system is defined as  
∇𝑉𝑥𝑦 = −𝑆𝑥𝑦𝜉(𝑚 × ∇𝑇𝑧 ),                                                             7.7 
where Sxy is the Seebeck coefficient, m is the unit vector of magnetization and 𝜉 is the Nernst 
factor. Figure 7.7 shows ANE voltage obtained for 80 nm and 50 nm NSMO films grown on 
LAO and STO substrates. Low temperature (140 K) signal is higher on all samples. As the 
temperature is increased the ANE signal started dropping and at a particular temperature (TR) it 
reaches a zero Voltage. When the temperature was increased above TR, sign of the ANE signal 
changed even though direction of magnetic field and thermal gradient remained the same. 
Although the origin of this flipping is still unknown, it can be described using Mott relations 
which will be discussed in next subsection. It is interesting to note that the TR for 80 nm NSMO 
on LAO is around 190 K while the same for 80nm NSMO on STO is shifted to 200 K. The 
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similar behavior we observed in Fig. 7.6 as a shift in Tc and the metal-insulator transition 
temperature. Hence intuitively, we could apprehend that, strain induced by substrate and 
resultant anisotropy change had a strong influence on the ANE signal and its sign change at TR.  
 
Figure 7.7 Magnetic field dependence of ANE voltage for (a) NSMO(80nm)/LAO, (b) 
NSMO(80nm)/STO, (c) NSMO(50nm)/LAO, and (d) NSMO(50nm)/STO at different 
temperatures. 
Substrate and thickness dependences of ANE in NSMO are shown in Fig. 7.7. Although bulk 
manganites show small magnetic anisotropy, in thin films it differs substantially from the bulk 
because of epitaxial strain in the films. Due to the difference in lattice parameter of NSMO on 
STO, it gives rise to a tensile strain and NSMO grown on LAO also leads to a very large tensile 
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strain. As the strain increases from STO to LAO, magnetic anisotropy also increases. This seems 
to be directly affecting the ANE performance. As plotted in Fig. 7.7, ANE signal from the 
NSMO/LAO sample is very high as compared to that of NSMO/STO whose lattice mismatch is 
much smaller. Similarly, Fig. 7.7(b) indicates that as the thickness of the sample is increased, 
ANE signal increases. The 80nm NSMO grown LAO gives a saturated ANE signal of 0.3µV as 
compared to ~0.1 µV for the 50nm NSMO film grown on the same substrate. One possible 
reason for such an increase could be due to the increase in the thermal gradient as the thickness 
of the sample increases.  
 
Figure 7.8 (a) Substrate dependence of ANE for the 80nm NSMO films grown on LAO and 
STO substrates at 180 K (b) Thickness dependence of ANE for the NSMO films grown on LAO 
substrates at 180 K. 
 One of the most interesting findings in NSMO is the sign change of ANE that appears to 
occur when temperature is varied from 180 K to 210 K. Such a sign reversal has been reported 
previously in semiconductors, topological insulators and recently on LSMO [27-29]. Our results 
on NSMO clearly confirm that it’s a universal phenomenon. Although the origin of the sign 
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reversal is still unclear, it could be described using the Mott relationship between ANE and Hall 
coefficients. According to Mott relation, the Seebeck coefficient S, can be derived from the 
energy derivative of the electrical conductivity at the Fermi level: 
𝑆 =
𝜋2𝑘𝐵
2𝑇
3𝑒𝜎
 (
𝜕𝜎
𝜕𝐸
)𝐸𝐹                                                                   7.8    
The Seebeck coefficient is related to other transport coefficients by 
𝑆𝑦𝑥 =
1
𝜎𝑥𝑥
(𝛼𝑦𝑥 − 𝜎𝑦𝑥𝑆𝑥𝑥)                                                                7.9                                          
where αyx is the Nernst conductivity. If we substitute anomalous Hall resistivity  𝜌 = 𝜆𝑀𝑧𝜌𝑥𝑥
𝑛  in 
to the Mott relation, we can obtain 
𝑆𝑦𝑥 =
𝜌𝑥𝑦
𝜌𝑥𝑥
 (
𝑇𝜋2𝑘𝐵
2
3𝑒
𝜆′
𝜆
− (𝑛 − 1)𝑆𝑥𝑥)                                                    7.10                                       
Here, according to the theories of Anomalous Hall Effect (AHE) which has the same origin as 
ANE, the value of n determines the mechanism behind AHE and ANE. n = 1 will result in skew 
scattering mechanisms, while n = 2 results in an intrinsic scattering regime. From Fig. 7.6 it is 
clear that linear resistivity is not changing its sign. According to equation 7.10, in order to 
explain the sign flipping observed in Fig. 7.7, n cannot take the value of one, because all the 
terms except Sxx cannot change its sign. This leads us to a conclusion that the skew scattering 
mechanism cannot be the cause for both AHE and ANE in this system, and it supports the theory 
of the intrinsic scattering regime as a dominant mechanism behind the effects observed in 
transition metal oxides with intermediate resistivities . 
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7.3 Summary 
Having studied the temperature dependence of SSE and SMR in the same single crystal YIG 
sample we have observed an interesting coincidence of peaks at ~80 K. Since SSE and SMR are 
of completely different microscopic origins, the presence of the peak pinpoints a intrinsic 
characteristic of the sample. TS studies on the same sample have also shown a similar peak in the 
temperature dependence of HKS. We can thus relate the low-temperature behavior of these effects 
to a noncollinear alignment of bulk and surface spin states in YIG. These results can be extended 
to explain the low-temperature Gilbert damping and FWHM linewidth behavior in the same 
system. As we conclude the material dependent origin rather than the unique, phenomenon 
dependent origin, existing theoretical models should be adjusted in order to explain these 
microscopic behaviors. Since YIG is one of the most interesting ferrimagnetic insulators for SSE 
and SMR studies, a clear understanding of the different bulk and surface anisotropies and their 
effects on the several spintronic phenomena will have a significant impact on the materials 
application perspective.  
  We have conducted a systematic study of SSE and ANE in the NSMO/Pt 
heterostructures. We have shown that the ANE is dominant, while SSE is negligible in this 
system. The substrate-dependent study of ANE shows that tensile strain developed due to the 
large lattice mismatch between NSMO and LAO has contributed to the enhancement of ANE 
signal. On the same substrate, ANE signal strength increases as the thickness increases. The sign 
change in ANE observed for all samples shows that the AHE and ANE in such systems are 
arising due to intrinsic scattering mechanisms. Finally, the substrate dependence of the ANE sign 
reversal temperature shows the strain and anisotropic influences on the ANE. 
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CHAPTER 8. CONCLUSION AND FUTURE OUTLOOK 
 
8.1 Summary 
The main focus of this thesis was to unravel the fundamental mysteries in the origin of 
Spin Seebeck effect (SSE) and its related effects like Anomalous Nernst effect (ANE) and spin 
Hall magneto-resistance (SMR) in functional magnetic oxide/metal heterostructure systems and 
to improve the efficiency of the spintronic devices through an innovative approach that utilizes 
the advantage of ferromagnetic material/organic molecule/metal interfaces. Measurement 
systems for all the effects have been developed and calibrated throughout the course of this 
thesis. Our important findings throughout the chapters are listed below: 
i. The temperature dependences of LSSE voltage (VLSSE) and magnetic anisotropy of 
bulk YIG slabs have shown that the sharp drop in VLSSE with respect to temperature at 
~175 K is associated with a change in magnetic anisotropy, which originates from the 
spin reorientation transition in YIG. The VLSSE peak at ~75 K is also attributed to the 
surface perpendicular magnetic anisotropy (HKS) and the saturation magnetization 
(MS) whose peaks also occur in the same temperature range. These effects of surface 
and bulk magnetic anisotropies are corroborated with those of thermally excited 
magnon number and magnon propagation length to explain the temperature 
dependence of LSSE in the Pt/YIG system. Our study also emphasizes the important 
role of magnetic anisotropy in the LSSE in YIG and validates the recent theoretical 
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predictions about anisotropic SSE in magnetic materials thus providing a new 
pathway for developing novel spin-caloric materials through the desired tuning of the 
magnetic anisotropy. 
ii. A new approach utilizing ferromagnetic material/organic molecule/metal interfaces 
for improving the SSE has been proposed. We have shown the first experimental 
study of spin injection into an organic semiconductor (OSC) using the SSE. The 
systematic thickness dependent study of the intermediate C60 layer was carried out to 
optimize the SSE voltage in the YIG/Pt system. We have demonstrated that the 
introduction of a thin layer of C60 between YIG and Pt interfaces has resulted in the 
increased surface magnetic moment and the reduction in perpendicular magnetic 
anisotropy, resulting in the strong enhancement of the VLSSE. A significant 
improvement of VLSSE at room temperature, which is further improved at low 
temperature, is attributed to the exponential increase in the spin diffusion length of 
C60. We believe our findings show the high potential of achieving spintronic devices 
based on the SSE.  
iii. We have studied the temperature dependence of LSSE in cobalt ferrite (CFO), which 
was grown on a quartz substrate and has higher than its bulk saturation magnetization, 
due to the changes in cation distribution. LSSE signal remains almost constant (or 
weakly dependent) near 150 K, but below that temperature, it decreases rapidly. We 
have fabricated a device by thermally evaporating 5nm C60 on to the surface of CFO 
and depositing ~10 nm Pt on top of that. LSSE signal remains low at room 
temperature as compared to CFO/Pt, indicating the modification in the spin mixing 
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conductance (G). However, upon decreasing temperature below 150 K, LSEE signal 
from the device increases rapidly as compared to the CFO/Pt structure without C60. 
This is likely due to the increase in the spin diffusion length (λ) of C60 at low 
temperatures. We have also studied the SMR behavior in both structures at room 
temperature. The persistence of the SMR signal with a 5nm layer of C60 demonstrates 
the efficient spin injection through the organic layer. 
iv. We have studied the temperature dependence of SSE, SMR on the same single crystal 
YIG sample. The interesting coincidence of low-temperature peaks in both the 
phenomena, which have completely different microscopic origins, suggests that the 
peak is indeed an intrinsic characteristic of the sample. Independent TS studies on the 
same sample have shown that temperature dependence of HKS reassembles those of 
SSE and SMR. Accordingly, we can directly correlate the low-temperature behavior 
of these effects to a noncollinear alignment of bulk and surface spin states in YIG. 
This finding allows us to explain the low-temperature Gilbert damping and FWHM 
linewidth behavior in the same system.  
v. We have conducted a systematic study of ANE in NSMO thin films.  The substrate-
dependent study of the system shows that compressive strain developed due to the 
large lattice mismatch from LAO contributed to the enhancement of ANE signal. 
Also, we observe that on the same substrate, ANE signal strength increases as the 
thickness increases. The observed sign change in the ANE on all samples shows that 
the AHE and ANE in such systems are arising due to intrinsic scattering mechanisms. 
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Finally, the substrate dependence of the sign reversal temperature shows the substrate 
strain and anisotropic influences on the ANE. 
8.2 Future outlook 
As the relatively new spintronic effects, SSE and SMR remain the promising but 
challenging research areas. Their fundamental origins and functionalities still need to be 
explored and investigated [1,2]. At the same time, in order to achieve technological device 
applications, we need to explore novel ways to improve the SSE or SMR signal and learn how to 
control them precisely. Here we are proposing a few of the interesting questions and puzzles to 
look forward and to continue as an extension of this thesis. 
i. In our previous study, we have shown the occurrence of spin reorientation in the 3d-
4f intermetallic compound La0.75Pr0.25Co2P2 around 160 K [3]. In the YIG single 
crystal, we have shown that the change in magnetic anisotropy due to the small spin 
reorientation around 175 K is influencing the SSE signal. From the definition of SSE, 
when magnetization orientation changes, SSE signal will drastically increase or 
decrease depending on the direction of the temperature gradient. So, understanding 
the SSE behavior in a system like La0.75Pr0.25Co2P2, where the different orientations of 
sample give such a huge change in magnetization is of great interest which may pave 
the way for SSE device improvements. 
ii. In section 3, we show that adding an intermediate layer of C60 has improved the SSE 
drastically especially at low temperature due to the better spin mixing conductance 
and long spin diffusion length of C60. Recently, our collaborator, Dr. Tho Nguen 
performed a temperature dependence of spin diffusion length study on another 
organic semiconductor C70 and compared it to that of C60 [4]. They have found a much 
150 
 
larger spin diffusion length of C70 as compared to C60. It would thus be interesting to 
design and fabricate heterostructures of FM/C70/Pt (FM = YIG or CFO) and 
investigate their temperature-dependent SSE behaviors. Due to the large spin 
diffusion length of C70, even at room temperature, we anticipate large improvement in 
the SSE signal.  
iii. As one of the easiest observations of spin-orbit coupling, SMR studies on the above-
proposed systems will help us understand the relaxation mechanisms in these 
materials. In chapter 5, the observed increase in SSE has been attributed to the 
enhancement of the spin mixing conductance (G). With a more controlled 
experiment, SMR study will allow us determine G, thus expanding the current 
fundamental understanding of SSE and SMR. At the same time, higher G values 
resulting from the added intermediate C60 layer may yield greater SMR values, 
leading to the development of novel SMR-based spintronic devices. 
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